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Abstract
Coral reefs are particularly vulnerable to climate-change impacts such as
warming sea-surface temperatures, ocean acidification and increased storm activity. In
response to these changes, corals may alter their geographical distributions and expand
their ranges into higher latitudes. Coral reef range expansions have occurred during past
periods of warming and coral populations have survived in regions protected from
adverse conditions, termed ‘refugia’, until conditions improved and reefs replenished.
Modern-day climate refugia have been hypothesised in higher latitudes as well as
deeper, mesophotic waters (30-150 m depth). Few studies have investigated the role of
higher latitude, mesophotic environments in supporting modern corals and their
potential as habitat for coral refugia and expansion.
This thesis investigates past and present coral distribution around the
subtropical, mesophotic Balls Pyramid shelf and draws comparisons to the adjacent
Lord Howe Island shelf. Balls Pyramid is a steep, 552 m high volcanic pinnacle in the
southwest Pacific Ocean. The pinnacle occurs 24 km south of Lord Howe Island, which
was considered to be the southernmost limit of modern and Late Quaternary reef
development in the Pacific Ocean. This thesis aims to: 1) determine the extent to which
the Balls Pyramid shelf may have supported past coral reef development; 2) establish
the extent to which modern coral populations colonise the shelf; 3) predict suitable areas
of coral habitat; and 4) assess whether an understanding of past and present reef
development can inform on the future potential of the shelves as substrates for coral
refugia and expansion.
The geomorphometric structure of the shelf surrounding Balls Pyramid was
explored using a high-resolution digital elevation model (5 m cell size) created for the
shelf from remotely-sensed data. Seafloor features were delineated using the bathymetry
model together with slope, backscatter and sub-bottom profile data. An extensive, midshelf reef was shown to dominate the 260.6 km2 shelf in 30-50 m depth, dissected by
basin and channel features. Outer-shelf reef and platform features surround the mid
shelf, with terrace sequences marking the seaward outer-shelf rim in 65-100 m depth.
Sub-bottom profiles and backscatter data demonstrate substantial accumulation (up to
16.5 m) of unconsolidated sediments within basin and channel features.
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Radiocarbon dating of coral material extracted from the fossil reef surface
around Balls Pyramid revealed accretion occurred during the Early Holocene (10.1-8.8
ka) concurrent with the first phase of Holocene accretion around Lord Howe Island.
Geomorphometric interpretations of the Lord Howe Island shelf revealed that the spatial
extent of the prominent Lord Howe Island mid-shelf fossil reef was substantially larger
(156 km2) than the Balls Pyramid mid-shelf fossil reef (87 km2), yet comprised a similar
proportion of the shelf area (30.9% and 33.3%, respectively). The fossil reef around
Balls Pyramid appears to have ‘given up’ at the end of the Early Holocene and its
discovery marks the new known southernmost extent of Holocene coral reef expansion
in the Pacific Ocean.
Modern mesophotic coral communities were explored using underwater still
imagery collected around the two shelves. Images were collected in 30-115 m depth
around the Balls Pyramid shelf (15 transects, 1,381 images) and 3-60 m depth around
the Lord Howe Island shelf (24 transects, 1,287 images). Abundant scleractinian corals
colonised the submerged reef features, with extensive soft-sediment carbonates evident
as sand deposits and veneers. Scleractinian coral distribution around the Balls Pyramid
shelf extended to 86 m depth, with a peak in cover of 84% on the upper mid-shelf fossil
reef surface at 30 m depth. Around Lord Howe Island, the highest coral cover recorded
was 64% which occurred on the modern fringing reef. Depth and geomorphology were
shown to be the strongest drivers of community distribution patterns around the shelves.
Predictive modelling of suitable coral habitat identified the inner-shelf bedrock and
fossil reefs and upper mid-shelf fossil reefs as the mesophotic features with the greatest
potential as suitable coral habitat.
The findings of this thesis shed light on the importance of subtropical,
mesophotic regions in supporting coral populations throughout time. The evidence of
past coral reef development and modern coral colonisation presented in this thesis
contributes evidence in support of the hypothesis that the Balls Pyramid and Lord Howe
Island shelves may provide refugia for extant corals and suitable substrates for corals
expanding their ranges under future climate change. The demonstrated capacity for
coral reef accretion at Balls Pyramid, beyond the perceived threshold of coral reef
formation, expands upon knowledge of the true geographical and depth limits of
scleractinian corals and highlights the need to conserve and monitor this region under
future climate change.
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Chapter 1

General introduction

1.1 Coral reef response to climate change: past, present and future
The adage that an understanding of the past can help guide our expectations of the
future is being challenged under the current climate, where changes in ecological
processes are occurring at an unprecedented rate. For coral reefs, ever-increasing
stressors of warming sea-surface temperature, ocean acidification and increased severity
and frequency weather events, such as storms, are threatening the viability of coral reef
systems worldwide (IPCC, 2014). These stressors are compounded by existing
anthropogenic impacts of overfishing, high nutrient and sediment loads, and pollution
(Hallock, 2005). Combined, these pressures are deteriorating the health of coral reefs
(Veron et al., 2009), modifying ecosystem functions and shifting species distributions
(Poloczanska et al., 2013). Dramatic coral cover loss of 50% in the last 27 years has
been recorded along the world’s largest coral reef system, the Great Barrier Reef
(De’ath et al., 2012). Even under modest scenarios of temperature increase, extensive
long term degradation is likely for most coral reefs by 2050 (Frieler et al., 2012). Corals
may acclimatise to new conditions if the pace of change is not too great, or climate
pressures may force adaptations and changes to geographical distributions (HoeghGuldberg, 2005; Hoegh-Guldberg, 2012).
Throughout geological time coral reefs have experienced large-scale biodiversity
loss associated with rapid global warming and ocean acidification (Pandolfi and
Kiessling, 2014). Exploring the past responses of coral reefs to climate fluctuations can
inform our understanding of the potential responses of modern reefs (Montaggioni and
Braithwaite, 2009; Pandolfi and Kiessling, 2014). The inherent relationship between
past reef development and modern coral reef establishment is demonstrated in the
definition by Done (2011) that coral reefs are “substantially built by skeletons of
successive generations of corals and other calcareous biota”. Coral reefs have been
defined from ecological and geomorphological perspectives, whereby the ecological
perspective focuses on the surface veneer of colonising organisms and processes, and
the geomorphological perspective encompasses the broader geological formation of the
1

reef structure (Montaggioni and Braithwaite, 2009). Coral reef accretion occurs as
phases over long-term geological time scales (thousands to millions of years) and shortterm ecological time scales (years to hundreds of years). Such a distinction is an
important consideration in the context of environmental scenarios that face the state of
ecological reefs. The geomorphic reef landforms will likely persist, albeit modified,
throughout projected climate changes. Conversely, the ecological veneers of reefs are
expected to be extensively modified with the immediate and future effects of climate
change (Kench et al., 2009).
Future responses to climate change will be spatially and temporally heterogeneous
(Pandolfi et al., 2011). Key responses of reefs to climate changes in the past, and thus
likely responses of future reefs, occur as three mechanisms: in situ adaptation; range
migration; or extinction (Pandolfi and Kiessling, 2014). Adopting these mechanisms,
corals have survived dramatic fluctuations in climate and sea level for millennia
(Hughes et al., 2003). Comparable temperature and carbon dioxide increases have not
been experienced since the Paleocene-Eocene Thermal Maximum (PETM, ~56 Mya)
where massive biodiversity loss, species range shifts and morphological evolution
occurred. The rate of carbon dioxide increase experienced during the PETM was slower
than that which is occurring today (McInerney and Wing, 2011) and the present rate of
ecological change in marine systems is almost unprecedented (Hoegh-Guldberg, 2012).
Disparities in the scales and rates of climate change limit the use of reconstructed fossil
reef records. However, they continue to provide valuable insights into potential
responses as they remain the only analogue to modern reefs (Pandolfi and Kiessling,
2014). Investigating reefs throughout time and in different geographical locations builds
an informative and valuable catalogue of reef responses which prepare us for the
spectrum of coral ecosystem change.

1.2 Controls on reef development
Coral reproduction can occur via two mechanisms: broadcast spawning and
brooding. Brooding favours local establishment of corals as larvae develop within the
parent polyp and typically settle within close proximity. Larvae developed via broadcast
spawning are released into the water column as eggs and sperm which may travel far
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from the parent colony prior to settlement (Done, 2011). Under suitable conditions and
with the availability of suitable substrate, corals can develop complex reef systems.
Coral reefs form as a reef framework successively built upon generations of reef
skeletons (Done, 2011). Over periods of geological time, with repeated major
fluctuations in sea level, the topographical highs formed by submerged features, such as
fossil reefs, can act as colonisation areas for repeated phases of coral growth (Collins et
al., 2003; Twiggs and Collins, 2010). The modern reefs seen today are comparatively
thin in relation to the thickness of antecedent fossil reefs that formed during the
Holocene (~5-20 m thickness) and Last Interglacial (Kench et al., 2009). In response to
climatic and tectonic processes, coral reefs develop into a range of different reef types,
shown in (Figure 1.1).

Figure 1.1 a) Types of oceanic reef- islands; and b) Island sequence along a hotspot chain. Source:
Woodroffe (2003).
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Key environmental parameters constraining the growth of coral reefs and
communities are shown in Table 1.1. These parameters are global generalisations and
corals may acclimatise and develop locally-specific tolerances (Ross et al., 2015). Coral
reefs largely occur in conditions considered ‘optimal’, including warm, clear water
(Kleypas et al., 1999a, Table 1.1) and accretion is considered greatest in shallow depths
<30 m (Woodroffe and Webster, 2014). Outside suitable thresholds coral reefs
transition from ‘true coral reefs’ to ‘coral communities’, which encompass any reef
structure with a hard coral component (Harriott and Banks, 2002).
Table 1.1 Optimal levels and upper and lower limits of key environmental parameters for coral reefs and
non-reef coral communities. Source: *Kleypas et al. (1999a), ^ Hallock (2001), ˜Guan et al. (2015).
Environmental Parameters

‘Optimal’
levels

Temperature (°C)*
Salinity (PSU)*
Nitrate (μmolL-1)*
Phosphate (μmolL-1)*
Aragonite saturation (Ω-arag)*
Depth of light penetration (m)*
Chlorophyll-a (mg/m3)^
Minimum surface light intensity
Imin (µmol photons m-2s-1)˜

21.0-29.5
34.3-35.3
<2.0
<0.2
~3.83
~50
>0.3
-

Limits for coral
reefs
Lower
Upper
16.0
34.4
23.3
41.8
0
3.34
0
0.40
3.83
<10m
~90m
0.3
450
-

Limits for non-reef
coral communities
Lower
Upper
13.9
32.1
20.7
0
5.61
0
0.54
3.06
-

1.3 Marginal reef environments
‘Marginal’ conditions may be considered sub-optimal, where corals experience
high or low extremes of temperature or salinity, low light availability or aragonite
saturation levels (Perry and Larcombe, 2003). Marginal reefs and non-reef building
communities can support diverse corals (Perry and Larcombe, 2003), high adaptability
(Yamano et al., 2012) and high coral cover (Thomson and Frisch, 2010), although they
typically have reduced accretion. In subtropical settings, coral communities are typically
dominated by generalist, stress-tolerant species (Sommer et al., 2013). Marginal reefs
and communities can therefore be considered as alternative states of reef development
rather than diminished reef systems compared to their ‘optimal’ counterparts (Perry and
Larcombe, 2003).
The dynamics of marginal reef environments have several critical implications
for the study of reef response to climate change. Due to their position at the limits of
growth, marginal communities can be useful early indicators of ecosystem shifts and
4

species range expansions. Furthermore, modelling of predicted oceanographic changes
suggests most reefs will shift to marginal states by 2069 (Guinotte et al., 2003).
Therefore, understanding community composition in marginal environments can help
understand the potential shift in community composition in presently ‘optimal’ reef
environments (Perry and Larcombe, 2003).

1.4 Mesophotic coral ecosystems
Deeper reef communities which occur in 30-150 m depth are defined as
mesophotic coral ecosystems (MCEs, Hinderstein et al., 2010). Historically, coral reef
studies have focused on shallow reef systems which conveniently occur within easily
accessible SCUBA diving depths and visible to airborne imagery. This disproportionate
focus has resulted in a significant knowledge gap regarding MCEs (Menza et al., 2008).
Technological advancements in underwater acoustics and imaging have permitted
greater exploration of deeper waters and the emerging research is challenging long-held
perceptions that shallow reefs contain the peak of coral abundance and diversity (Kahng
et al., 2014). It has been revealed that MCEs can support high coral cover (Menza et al.,
2008; Rooney et al., 2010; Bridge et al., 2012a) with scleractinian corals shown to
extend to depths down to 125 m in the Great Barrier Reef and down to 153 m depth in
the Hawaiian Archipelago (Kahng and Maragos, 2006). Mesophotic corals typically
exhibit flat morphologies and occur as coral carpets or solitary corals (Bongaerts et al.,
2010). The spatial extent of MCEs is poorly understood and potential habitat can be
identified from high resolution bathymetry (Bridge et al., 2012b; Harris et al., 2013).
Very few studies have targeted high-latitude MCEs and further research is
needed to characterise coral growth in these environments. At the limits of coral growth
in the North Atlantic Ocean, scleractinian corals have been recorded in 50-70 m depth
on the Bermuda seamount at 32°N (Venn et al., 2009). In the North Pacific Ocean,
mesophotic coral ecosystems occur in 30-50 m depth on the northernmost island of
Kure Atoll 28°25’ N in the northwestern Hawaiian Islands (Rooney et al., 2010).
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1.5 Coral refugia under a changing climate
Coral refugia are regions where extant coral populations can survive while
unfavourable conditions persist. During past glaciations corals have survived in areas
termed ‘glacial refugia’ which were habitable areas less impacted by lower sea levels,
such as tropical seamounts (Roberts et al., 2006). The persistence of corals in refugia
enabled the replenishment of exposed reefs upon return to suitable sea-level conditions
(Greenstein and Pandolfi, 2008). In modern settings, coral refugia are being identified
as regions that may offer protection from adverse climate-change impacts, such as
increased sea-surface temperature. These regions may maintain extant coral populations
during unfavourable climate conditions and may ultimately replenish degraded reef
systems in the future. High latitude reefs, deep reefs, islands and areas of upwelling
have been suggested as potential refugia (Glynn, 1996; Riegl and Piller, 2003). Benefits
offered by these regions include geographical isolation, cooler temperatures, and deeper
locations within the water column which may minimise exposure to increased seasurface temperatures and intensified wave action (Glynn, 1996; Riegl and Piller, 2003;
Bongaerts et al., 2010). These suggested refugia are not immune to climate change
impacts relating to such stressors as acidification, and further studies are required to
determine their potential vulnerabilities as well as benefits (Menza et al., 2007; Ross et
al., 2015).

1.6 Latitudinal range expansion of coral reefs
The latitudinal ranges of coral reefs have been shown to extend beyond the
present-day limits of modern growth during the Last Interglacial and Holocene (Szabo,
1979; Veron, 1992; Collins et al., 1993; Collins et al., 1996; Greenstein and Pandolfi,
2008; McCulloch and Mortimer, 2008; Woodroffe et al., 2010). Poleward range
expansions during these periods were associated with warmer temperature conditions
experienced during Last Interglacial Maximum and Holocene Thermal Maximum
(Murray-Wallace and Belperio, 1991; Renssen et al., 2012). The geographical shifts in
the extent of fossil reefs in the past raises the question of whether similar responses
might be expected under future climate changes (Pandolfi and Kiessling, 2014).
Recent evidence has documented the range expansion of some coral species in
North Pacific (Yamano et al., 2011), Western Atlantic (Precht and Aronson, 2004) and
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South Pacific Oceans (Baird et al., 2012). Such expansions are associated with warming
sea-surface temperature and strengthening poleward-flowing currents. Over time, with
the availability of suitable substrate, the colonisation of corals at higher latitudes may
result in coral reef development occurring beyond modern latitudinal range extents.
Range expansions of corals and reefs would be expected as oceans warm, if
temperature was the key limiting factor of coral growth (Kleypas et al., 1999a).
However, the poleward trajectories of corals may be inhibited by other controlling
variables, including ocean acidification (Kleypas et al., 1999b; Hoegh-Guldberg, 2005),
competition with macroalgae (Johannes et al., 1983; Hoey et al., 2011), light availability
(Muir et al., 2015) and the presence of suitable accommodation space (Greenstein and
Pandolfi, 2008). Ocean acidification can hinder the calcification of coral skeletons
through reducing the availability of aragonite ions (Kleypas et al., 1999b; Orr et al.,
2005). Higher latitudes are vulnerable to ocean acidification as they are already at the
limits of suitable aragonite concentrations and are projected to be among the first
regions affected (Hoegh-Guldberg et al., 2007). Field studies of coral growth response
to increased temperature and acidification in higher latitudes show conflicting results.
Calcification of corals has been shown to increase around the Houtman Abrolhos reefs
(Cooper et al., 2012) and appear stable around the Rottnest Island coral communities
(Ross et al., 2015). Converesely, linear growth rates of corals appear reduced for
selected species on the shallow reefs at Lord Howe Island (Anderson et al., 2015).
Latitudinal range expansions will be ultimately limited by light, which is a static
parameter amongst a myriad of dynamic climate variables (Muir et al., 2015).
Recent evidence of poleward expansions and the tropicalisation of temperate
waters demonstrate that subtropical regions are experiencing significant modifications
to ecosystem processes (Precht and Aronson, 2004; Yamano et al., 2011; Baird et al.,
2012; Vergés et al., 2014). Warming sea-surface temperatures may have positive
influences on coral growth in some subtropical regions, although the complex
interactions of environmental variables and the multiple scales at which these variables
interact must be considered. Conservation and monitoring of these tropical-temperate
transitional areas is crucial for detecting changes to carbonate production, species
assemblages and shifts in coral species distributions (Yamano et al., 2011; Beger et al.,
2013; Makino et al., 2014).
7

1.7 Geomorphology as a surrogate for habitat
Seafloor geomorphology can be used as a surrogate for marine biodiversity in
areas where extensive biological datasets are not available, as the geomorphic character
has been shown to influence the colonisation of biota (Collins et al., 2003; Kench et al.,
2009; McArthur et al., 2010; Twiggs and Collins, 2010; Anderson et al., 2011; Nichol
and Brooke, 2011; Hamylton et al., 2012; Harris and Baker, 2012). The characterisation
of geomorphology within a seafloor landscape can lead to an understanding of
geodiversity (Harris and Baker, 2012), which can in turn provide evidence for the
potential biological diversity of the seafloor. Geomorphic interpretations are utilised as
cost-effective baseline surveys for marine spatial planning, with broadscale, provincial
mapping informing international and national policy (European Commission, 2008;
Harris et al., 2008a; Harris et al., 2014) and mesoscale, regional mapping useful for
local management applications (Stevens and Connolly, 2005; Last et al., 2010).

1.8 Reef growth at the limits in the southwest Pacific Ocean
Balls Pyramid (31°45’S, 159°15’E) and Lord Howe Island (31°33’ S, 159°5’ E)
are remote, oceanic islands located 600 km east of the Australian mainland. Balls
Pyramid is a 552 m steep-sided volcanic pinnacle (Figure 1.2) located 24 km south of
Lord Howe Island (Figure 1.3). Lord Howe Island supports the southernmost known
extent of modern, Holocene and Last Interglacial coral reef growth in the South Pacific
Ocean (Figure 1.4, Veron and Done, 1979; Woodroffe et al., 2010). Balls Pyramid is the
southernmost island in the Lord Howe seamount chain and is considered to be outside
reef-forming seas.
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Figure 1.2 a) Balls Pyramid (M Linklater); and b) Islets around Balls Pyramid. Google Earth image
27/2/2009.

Figure 1.3 a-c) Mixed coral and algae communities in the shallow lagoon around Lord Howe Island; and
d) Prominent mountains, islands and islets around Lord Howe Island. Google Earth image 16/12/2014.
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Coral reef development around Lord Howe Island occurs far south of the
geographical limits of coral reef formation on the Australian mainland for modern coral
reefs (Figure 1.4, Stradbroke Island, 27°25’; Pickett et al., 1989), Last Interglacial reefs
and corals (Stradbroke Island, 27°25’, Evans Head, 29°06’ S, Grahamstown, 32°46’;
Marshall and Thom, 1976; Pickett et al., 1989). High-resolution seafloor mapping
recently undertaken on the mesophotic shelf surrounding Lord Howe Island revealed an
extensive Holocene fossil reef in 30-50 m depth (Linklater, 2009; Woodroffe et al.,
2010). The magnitude of fossil reef development was 25 times larger in area than the
present-day reef, demonstrating significant carbonate accretion at this marginal location
throughout time (Linklater, 2009). The Balls Pyramid shelf is known to be an active
carbonate producer with some stony corals evident, although it remains largely
unmapped (Kennedy et al., 2002; Speare et al., 2004). An exploratory cross-shelf
transect of multibeam bathymetry collected across the shelf revealed evidence of
complex topography (Figure 1.5, Brooke et al., 2010; Mleczko et al., 2010). This reefal
topography raises the question of whether Holocene coral reefs may have extended even
further south than currently known.

Figure 1.4 The geographical distribution of modern coral reefs (red circles), modern coral communities
(blue circles), Last Interglacial coral reefs (yellow triangles) and corals (orange triangles) with major
currents including the Leeuwin Current and East Australian Current. The East Australian Current (EAC)
flows south from the Great Barrier Reef (GBR), past the Solitary Islands (SI), and flows east toward
Middleton Reef (M), Elizabeth Reef (E), Lord Howe Island (LHI) and Balls Pyramid (BP) forming the
Tasman Front boundary. Coral reef and communities dataset provided by UNEP-WCMC (ReefBase
GIS).

10

Coral growth at this locality is facilitated by the East Australian Current (EAC)
which delivers warm, equatorial waters to the subtropical region. The interaction of
warm and cool water masses produce a mixture of tropical and temperate marine life,
with some tropical corals surviving at their southernmost limits and some algae living at
their northernmost limits (Veron and Done, 1979; Edgar et al., 2010; Keith et al., 2015).
Its isolation from the mainland coast results in high endemism of marine species as well
as high biodiversity (de Forges et al., 2000; Roberts et al., 2002; Anderson et al., 2013).
Lord Howe Island is listed in the top 18 biodiversity hotspots in the world due to its
high endemism (Roberts et al., 2002).
The attributes of high diversity, endemism and abundance of marine life have
been globally recognised through Word Heritage status since 1982 (UNESCO, 2015)
and are protected by a state marine park (NSW Marine Parks Authority, 2010a) and
Commonwealth marine reserve network (Department of Environment, 2015).
Comprehensive acoustic mapping has been identified as a priority for New South Wales
(NSW) marine parks as the benthic habitat maps derived from these surveys can provide
integral datasets for management of large reserves (NSW Marine Parks Authority,
2010b). The delineation of seafloor features and the application of geomorphology as a
surrogate for biotic distributional patterns can help marine planners to structure survey
design and monitoring locations. The geomorphic interpretations produced from the
acoustic mapping around Lord Howe Island formed a key dataset in the zoning review
assessment of the Lord Howe Island Marine Park (LHIMP, NSW Marine Parks
Authority, 2010a). The classification of seafloor feature enabled calculations of habitat
representation within each park zone category (no-take zones and multi-use zones) and
across the entire marine park. The review of marine park zoning for LHIMP identified
significant gaps in the coverage of data for the entire Balls Pyramid shelf as well as the
southeast Lord Howe Island shelf, and identified the need for future research to focus on
habitats in deeper waters on the shelves (NSW Marine Parks Authority, 2010a).
A warming and strengthening of the EAC has been recorded and is associated
with global warming (Suthers et al., 2011; Wernberg et al., 2011). In response to such
changes in the EAC, shifts in species distributions along the east Australian coast have
been observed including new Acropora spp. discovered around the subtropical Solitary
Islands (Baird et al., 2012). The shallow reefs of Lord Howe Island have been suggested
as a potential refugia for corals due to its subtropical position and relationship to the
11

EAC (Hoey et al., 2011; Dalton and Roff, 2013; Keith et al., 2015). Several factors may
limit the refugia potential of the shallow reefs, including vulnerabilities to bleaching
(Harrison et al., 2011), acidification (Anderson et al., 2015), competition with
macroalgae (Hoey et al., 2011) and low recruitment (Hoey et al., 2011; Keith et al.,
2015). Water temperatures up to 28°C were recorded in the lagoon of Lord Howe Island
in 2010, resulting in a severe bleaching event (Harrison et al., 2011). Subtropical reefs
can bleach at temperatures well within optimal ranges as they may develop temperature
thresholds which are adjusted for lower temperature conditions (Ross et al., 2015).
Climate-change vulnerabilities have been identified for the shallow reefs around
Lord Howe Island (Harrison et al., 2011; Hoey et al., 2011; Anderson et al., 2015; Keith
et al., 2015), but the potential impacts to deeper corals on the mesophotic shelves
surrounding Lord Howe Island and Balls Pyramid are unknown. The deeper shelves
would presumably be less susceptible to bleaching from sea-surface temperature
increases. The ample mesophotic shelf substrates may provide suitable coral habitat as
they would potentially be receiving enhanced warm-water inputs from the EAC. The
submerged shelves possess all the qualities of suggested refugia, including subtropical
locality, deep reef structures, exposure to upwelling and isolated geography.
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Figure 1.5 Current bathymetry model for the shelf region (Mleczko et al., 2010).
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1.9 Justification and outline of research
This research contributes to filling the current knowledge gap regarding the
structure and composition of subtropical, mesophotic coral ecosystems in the southwest
Pacific Ocean. This thesis focusses on past and present reef development beyond the
perceived latitudinal limit of reef formation around Balls Pyramid and Lord Howe
Island, southwest Pacific Ocean. Existing at the margins of reef growth, the response of
coral reefs to climate fluctuations in this region has internationally significant
implications for the distributions of coral reefs globally. With tropical coral reefs known
to be suffering from extensive degradation, it is imperative to investigate the potential
role of these subtropical, mesophotic reef environments in supporting future coral
populations.
Detailed geomorphological mapping of the seafloor geomorphology and benthic
habitats, with specific focus on reef-building corals, will provide critical baseline data
for use by marine managers in the long-term monitoring of change in this highconservation value region. Quantifying the extent of past and present coral growth
around the shelf will help contextualise the potential for future reef range expansion and
assess the shelves potential as suitable coral habitat. Data acquired for the Balls
Pyramid shelf are integrated with new and existing data for the Lord Howe Island shelf
to investigate the relative role of each shelf in supporting past and present coral reef
growth. Evidence of reef development is explored in order to address the hypothesis
that subtropical, mesophotic shelves may provide suitable substrate for coral range
expansion and refugia. This thesis aims to address the overarching questions:
•

To what extent has this region supported coral reefs or communities in the past?

•

To what extent does this region support coral reefs or communities today?

•

To what extent may the region provide suitable coral habitat for the future?

•

Can an understanding of past and present reef development help to assess future
potential as a coral refugia or expansion habitat?

Chapter 2 presents the regional setting. Chapter 3 focuses on past reef development
to determine the presence and extent of fossil reef accretion on the submerged platform
surrounding Balls Pyramid (Figure 1.6). The timing of fossil reef accretion around the
Balls Pyramid shelf is constrained in Chapter 4, and the geomorphology and reef
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accretion around the Lord Howe Island shelf is revisited to develop an evolutionary
model of reef accretion for the region. Chapter 5 focuses on modern reef development
to investigate the benthic communities colonising the mesophotic Balls Pyramid shelf,
with specific focus on the extent of scleractinian corals. Chapter 6 extends the benthic
analyses to the Lord Howe Island shelf to compare the ecological character of the two
shelves and predict suitable areas of coral habitat. The results of the preceding chapters
are synthesised in Chapter 7.
Each chapter builds understanding of the capacity of the Balls Pyramid and Lord
Howe Island shelves to support coral growth, and contributes evidence toward the
assessment of the suitability of mesophotic shelves as substrates for coral range
expansion and refugia. The datasets produced in this thesis will contribute important
baseline habitat information for the ongoing management of this World Heritage,
marine park region where limited data currently exists. Investigating reef development
beyond the perceived limit of reef formation will further provide insights into future
global coral reef response in a changing climate.

Figure 1.6 Conceptual diagram of the key research question addressed by each chapter.
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Chapter 2

Regional Setting

2.1 Geology
The island-seamount chain occurs on the western margin of the Lord Howe
Rise, which is foundered continental crust sourced from the rifting of Australia and
New Zealand 82-60 Mya (Figure 2.1, Weissel and Hayes, 1977). The rifted crust moved
laterally eastward, where subsidence and deposition of marine sediments occurred
(McDougall and van der Lingen, 1974). The linear island-seamount chain was produced
as the Indo-Australian plate moved northwards (6 cm/yr) over a stationary hotspot
(Quilty, 1993).
Balls Pyramid and Lord Howe Island are eroded remnants of shield volcanoes.
Lord Howe Island formed 6.9-6.4 Mya and subsequently collapsed into a caldera which
was infilled by lava flows (McDougall et al., 1981). Balls Pyramid formed at a similar
time, though slightly later (C.D. Woodroffe, unpublished data). Post eruption, marine
(90%) and subaerial (5-10%) abrasion truncated the islands to form broad submarine
shelves with volcanic island remnants in the shelf centres (Dickson, 2004).

Figure 2.1 a) Lord Howe chain, including submerged Capel Bank and Gifford Guyot, atoll-like Middleton
Reef and Elizabeth Reef, Lord Howe Island and Balls Pyramid. Geoscience Australia National
Bathymetry Grid. Inset: Regional location; b) Middleton Reef (M Hallam); c) Lord Howe Island (M
Legge-Wilkinson); and d) Balls Pyramid (M Linklater).
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2.2 Climate and oceanography
The oceanographic settings around Lord Howe Island and Balls Pyramid are
dominated by the movements of the East Australian Current (EAC), the major western
boundary current of the South Pacific Ocean. The EAC flows south along the Australian
mainland and separates from the coast at 31-32°S into several currents, with the main
component flowing eastward at 33-35°S to the Lord Howe region (Ridgway and Dunn,
2003). This flow is referred to as the Tasman Front and it divides the warmer Coral Sea
from the cooler Tasman Sea as a migrating boundary (Denham and Crook, 1976). As it
moves eastward, the flow is influenced by the elevation in topography over the Lord
Howe Rise, which causes the flow to meander northwards when it encounters the rise
and returns poleward after the rise (Ridgway and Dunn, 2003). The Tasman Front
experiences a highly variable flow (Ridgway and Dunn, 2003), which shifts southward
during the summer and northward during the winter (Figure 2.2). Intermediate waters
(700-1500 m) and abyssal waters are influenced by the northward and southward flows
of the Antarctic Intermediate Water mass and northward flows of the Antarctic Bottom
Water mass, respectively (Tomczak and Godfrey, 1994).
High energy wind and waves are experienced along the Lord Howe coastlines,
with prevailing southeast swell directions in the summer and southern swells in the
winter (Figure 2.2). Wind directions are variable, though northeast winds typically
prevail in summer when the region is under the influence of the winds of the Tropical
Convergence (eastward EAC and westward Trade Wind Drift) and shift to southwest
winds in winter under the influence of the Subtropical Convergence (southward EAC
and northward West Wind Drift).
Aragonite saturation is low (<3.4 Ω aragonite, Kleypas et al., 1999a) and seasurface temperatures range 17–26°C (Figure 2.2, Figure 2.3). Oceanographic parameters
derived from MODIS satellite data by NASA are summarised in Figure 2.3 for 2011.
Annual sea-surface temperatures range from 19.6 to 25.8°C, peaking from January to
March. Chlorophyll-a concentrations range from 0.08 to 0.31 mg/m3, light attenuation
coefficient (k490) range from 0.03 to 0.06 1/m, and coloured dissolved organic matter
(CDOM) range from 1 to 3 (unitless). Chlorophyll-a, k490 and CDOM levels peak in
spring indicating lowest water clarity and highest phytoplankton productivity during
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this period. Trends for all parameters are similar across both shelves with values for
Balls Pyramid slightly lower, except for a spring peak in CDOM.

Figure 2.2 a) MODIS derived Summer (January); and b) Winter (June) sea-surface temperature (SST)
2011 (Huang, 2013); Averaged Wave Watch III wave direction (TDir) and significant (sign.) wave height
for c) Summer (January); and d) Winter (June) 2011 (Tolman et al., 2014).
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Figure 2.3 Time series data were extracted from MODIS- Aqua 4 km products for: a) Sea-surface
temperature (11 micron day); b) Chlorophyll-a concentration; c) Diffuse attenuation coefficient at 490 nm
(k490); and d) Coloured dissolved organic matter (CDOM) index. Analyses and visualisations were
undertaken with the Giovanni online data system, developed and maintained by the NASA Goddard Earth
Sciences Data and Information Services Center (available online: http://disc.sci.gsfc.nasa.gov/giovanni).
Values were averaged for each shelf region, with the following boundaries (Coordinate system = WGS
1984): Balls Pyramid shelf: 159.138932, -31.673328, 159.372740, -31.894721; Lord Howe Island shelf:
158.92811, -31.375378, 159.253785, -31.715725.

2.3 Coral reef growth and carbonate production
A 6 km fringing coral reef borders a shallow lagoon on the west coast of Lord
Howe Island (Figure 1.3). The fringing reef and lagoon system initiated development in
‘catch-up’ mode as sea levels begun to stabilise at 6.5 ka after a rapid postglacial rise in
sea level (Kennedy and Woodroffe, 2000). Corals occur in greatest abundance in the
lagoon, reaching up to 80% coral cover (Comet’s Hole) and at several bays and beaches
along the eastern coast, including Boat Harbour, Middle Beach, North Bay (Veron and
Done, 1979; Harriott et al., 1995). Coral communities appear to be structured by
hydrodynamic regime, with the sheltered corals of the lagoon distinctly different to the
exposed reefs of the offshore islands and islets. Few corals occur along the exposed
southeast coast, except in protected bays (Veron and Done, 1979). The co-occurrence of
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algae with coral growth is a unique attribute of the region, distinctly different to tropical
coral reefs (Veron and Done, 1979; Edgar et al., 2010).
Larval supply of coral to the region from the Great Barrier Reef occurs at
evolutionary times scales (Noreen et al., 2009), though the genetic population is
considered largely isolated from frequent larval exchange (Ayre and Hughes, 2004).
Lagoon corals and shallow reefs are dominated by Acropora palifera, Porites lichen and
Pocillopora damicornis (Veron and Done, 1979; Harriott and Banks, 2002). Coral
diversity is lower compared to tropical coral reefs (Harriott, 1999) although coral cover
can be similar (Harriott et al., 1995; Harriott and Banks, 2002). Growth extension rates
of different coral genera vary, with Acropora youngeii, Turbinaria frondens and Porites
heronensis experiencing similar growth rates to the same species in the tropics, with
Pocillopora damicornis experiencing significantly reduced (80%) growth (Harriott,
1999).

2.4 Seafloor mapping
High resolution bathymetric data (5-30 m cell size), sub-bottom profiles, seabed
drill core data and sediment data collected around the shelf identified the extent of fossil
reef development and were used to develop seafloor characterisations of the Lord Howe
Island shelf (Figure 2.4a, Kennedy et al., 2002; Brooke et al., 2010; Mleczko et al.,
2010; NSW Marine Parks Authority, 2010a; Woodroffe et al., 2010; Kennedy et al.,
2011). Drill core data extracted from the mid-shelf fossil reef around Lord Howe Island
demonstrated accretion occurred during the Holocene postglacial sea-level rise and
backstepped landward to form the modern fringing reef (Woodroffe et al., 2010). Algae
and sand veneers encrust the fossil reef surface, with solitary hard corals documented on
the shelf, evident in greatest abundance around Balls Pyramid (Speare et al., 2004;
Woodroffe et al., 2010).
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2.5 Management and protection
The Balls Pyramid shelf is highly protected, with 47% protected by no-take
reserves (Figure 2.4b). The Lord Howe Island Marine Park (NSW Marine Parks
Authority, 2010a) extends from the high water mark to 3 nm offshore and Lord Howe
Commonwealth Marine Reserve extends beyond 3 nm (Department of Environment,
2015). The New Lord Howe Commonwealth Marine Reserve has been proposed by the
Department of Environment and will extend upon the previous 12 nm limit of the
former Commonwealth Lord Howe Island Marine Park. The Commonwealth reserve
complements the existing state marine park with adjacent “no-take” sanctuary zones
offering contiguous protection.
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Figure 2.4 a) Current seafloor feature classification for the shelf region (NSW Marine Parks Authority,
2010a); and b) State and Commonwealth marine zoning (NSW Marine Parks Authority, 2010a;
Department of Environment, 2015).
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3

Chapter 3

Submerged fossil reefs discovered beyond the limit of modern reef
growth in the Pacific Ocean

3.1 Introduction
Small oceanic islands provide valuable opportunities to study the processes that
shape coastal evolution. Unlike mainland coasts, where relationships to the adjacent
landforms are geomorphologically complex, the isolated nature of oceanic islands offers
a somewhat closed system, distal from surrounding depositional and erosional processes
(Nunn, 1994). Under suitable conditions, extensive coral reefs form around tropical and
subtropical oceanic islands, protecting the shoreline from erosion and contributing to
carbonate production (Woodroffe and Webster, 2014).
Oceanic islands occur in three primary forms: volcanic or non-reefal islands;
composite islands, where limestones overlay non-reefal foundations; and carbonate
islands, where the non-reefal foundations are completely buried by limestones, such as
the reef islands on atolls (Vacher and Quinn, 1997). An evolutionary model for the
transition of oceanic islands into atolls was hypothesised by Darwin (1842), whereby
coral reef accretion occurs around a subsiding volcano, progressing through the
sequences of fringing- and barrier-reef stages, culminating in an atoll. The linear
progression of the Darwinian sequence is exemplified by the Hawaiian Archipelago.
Along this chain, active volcanic islands transition to atolls that in turn subside to form
seamounts and guyots, which extend beyond the present-day latitudinal threshold of
reef formation, referred to as the Darwin Point (Grigg, 1982). Current understanding of
reef evolution acknowledges the contribution and interrelationships of processes
shaping coral reefs, described in the various models of island evolution (Vacher and
Quinn, 1997). The transition from fringing- to barrier- reefs, consistent with Darwinian
concepts and modern understanding of glacio-eustatic fluctuations in sea level, has
recently been demonstrated in the vertical accretionary history of Tahiti (Blanchon et
al., 2014). These ‘classic’ examples, all within or moving out of reef-building seas, are
characterised by island subsidence and the capacity for reef accretion to keep pace with
a rising sea level.
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An alternative evolutionary threshold of coral reef formation occurs when plate
movement carries volcanic islands into reef-forming seas (Menard, 1983; Davies,
1987). Islands which do not possess wave-attenuating reef structures can have their
coastline eroded to form a near-horizontal shelf which may ultimately be truncated
(Menard, 1983; Woodroffe et al., 2006). Reefless, truncated platforms may experience
isostatic uplift to compensate for erosion, which counters subsidence (Menard, 1983).
Such is the case in the subtropical southwest Pacific along the Lord Howe chain. Here,
on the western margin of the Lord Howe Rise (Slater and Goodwin, 1973), there is a
progressive sequence of islands to reefs to guyots that formed with the northwards
movement of the plate over a hotspot, the volcanic islands slowly moving into tropical
seas (Woodroffe et al., 2006).
The southernmost island in the chain is Balls Pyramid (31°45’ S, 159°15’ E), a
volcanic monolith considered to represent the penultimate stage of truncation in nonreef forming seas (Woodroffe et al., 2006). North of Balls Pyramid (24 km north), at the
threshold of modern reef development is Lord Howe Island (31°33’ S, 159°05’ E),
which supports a fringing coral reef system thought to be the modern-day limit for true
coral reef formation in the Pacific Ocean (Veron and Done, 1979; Kennedy and
Woodroffe, 2000). Progressing further north in the sequence are atoll-like reefs
(Elizabeth and Middleton Reefs) and submerged seamounts and guyots (Gifford Guyot,
Capel Bank, Kelso Reef and Nova Bank).
Although the fringing reef of Lord Howe Island was considered to be surviving at
the environmental limits of coral reef growth (Kleypas et al., 1999a), extensive past reef
accretion has been recently discovered on the shelf surrounding the island, where there
is a fossil reef system 25 times larger in area than the modern fringing reef (Linklater,
2009; Woodroffe et al., 2010). This fossil reef flourished during the Early- to MidHolocene (9-7 ka), before reef growth backstepped to form the modern fringing reef
(Woodroffe et al., 2010). This finding expanded the known southerly extent of
Holocene reefs in the South Pacific, which have been shown elsewhere to have shifted
poleward under past favourable climate conditions (Greenstein and Pandolfi, 2008;
Kiessling et al., 2012). Preliminary investigations of the truncated platform surrounding
Balls Pyramid revealed carbonate sediments across the shelf (Kennedy et al., 2002) and
evidence of a complex topography (Linklater, 2009; Brooke et al., 2010), implying that
similar reef development might have extended further south in the past.
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Recent mapping of the shelf around Balls Pyramid provided evidence of the further
southerly extension of fossil reefs (Woodroffe et al., 2013). Drill cores extracted from
the shelf surface revealed reef limestone, containing corals (Woodroffe et al., 2013). In
this chapter, remotely sensed data (acoustic and optical) of the Balls Pyramid shelf
surface and sub-surface are utilised to quantitatively describe the geomorphometry of
the limestone features. The aims of this chapter are to: 1) describe the morphology,
depth distribution and spatial extent of submerged limestone reefs and surrounding
shelf; 2) assess spatial patterns in sediment accumulation on the shelf; and 3) discuss the
potential origin and evolution of key geomorphic features.

3.2 Methods
3.2.1

Bathymetry model
High resolution bathymetry acquired from multiple optical and acoustic

platforms can be integrated to create seamless digital elevation models for
geomorphometric analyses and interpretation (Reuter et al., 2009; Evans, 2012; Leon et
al., 2013). To characterise the seafloor structure around Balls Pyramid, a seamless highresolution bathymetric model was created using a combination of multibeam
echosounder (MBES) data and empirically derived estimates of depth from satellite
imagery (Figure 3.1, Figure 3.2a, Appendix 1). MBES data provides near-continuous
high spatial coverage and high resolution in a cost effective manner (Brown et al., 2011)
and satellite imagery is useful to accurately estimate depth in areas inaccessible to
mapping vessels (Lyzenga, 1978; Stumpf et al., 2003).
MBES data was collected aboard the Marine National Facility Research Vessel
Southern Surveyor (February 2013) using a Kongsberg EM300 30 kHz system and
processed onboard using CARIS Hips & Sips software, gridded to 5 m using a cube
surface (IHO II) with tidal corrections applied. Satellite data was collected from
Quickbird TM (4 spectral bands, 2.4 m cell size) imagery acquired in 2008 and used to
estimate depth of the inner shelf of Balls Pyramid, supplementing the scarce MBES data
available in shallower water, where vessel access was restricted. Pre-processing of the
satellite image included corrections for atmospheric interference, applied using ENVI
(v4.8) Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes algorithm (Berk
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et al., 1989; Matthew et al., 2000) with a Mid-Latitude Model (80 km visibility).
Additionally, sun glint correction was undertaken on the atmospherically corrected
image using the methodology of Hedley et al. (2005). Depth was derived down to 35 m
using the band ratio method of Stumpf et al. (2003, Equation 9), which functions
independently of bottom type by using a ratio transform to measure the relative
attenuation of light through the water column for individual bands (Stumpf et al., 2003).
Depth estimates were validated with a subset of MBES data and, although there is
moderate inherent vertical error demonstrated in the dataset, the calculation is sufficient
in delineating structural textures and broad scale geomorphic features across the
shallowest areas of the shelf.
Near-complete coverage of the shelf was surveyed from the MBES instrument
(272 km2) and depth derived from satellite imagery (11.7 km2). Both datasets were
converted to points and interpolated to a 5 m grid using Natural Neighbour (ArcGIS
v10.1), which was shown to generate the most appropriate surface from a range of
interpolation approaches available (Li and Heap, 2008; Arun, 2013). The new shelf
elevation model was mosaicked with an existing bathymetry model of the land and shelf
slopes (Mleczko et al., 2010, Figure 3.2, Figure 3.3).

Figure 3.1 Process diagram of steps undertaken during processing satellite imagery and producing
bathymetry model.
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3.2.2

Seafloor feature classification

Feature characterisation was undertaken using a visual interpretation of the broad
seafloor structures whereby polygons delineating seafloor features were digitised in
ArcGIS v10.1 (Nichol and Brooke, 2011; Evans, 2012), using terminology consistent
with international nomenclature (Table 3.1). Inner-shelf features were defined at a
1:6,000 scale using satellite imagery.

Table 3.1 Definitions of terms used within this study.
Feature
Definition
Reef
A mass (or group) of rock (s) or other indurated material lying at or
near the sea surface that may constitute a hazard to surface
navigation
Coral reef
A tract of corals growing on a massive, wave resistant structure and
associated sediments, substantially built by skeletons of successive
generations of corals and other calcareous biota
Coral
Any benthic community with a hard coral component, whether reefcommunity
forming or otherwise
Basin
A depression, in the seafloor, more or less equidimensional in plan
and of variable extent
Channels
Relatively elongated, low lying areas that dissect shallower seafloor
Depressions
Platform
Terrace (s)

Shelf break

Slope

Closed-contour, low-lying areas surrounded on all sides by shallower
seafloor
Low-gradient, low-relief surface of extensive horizontal dimensions
An isolated (or group of) relatively flat horizontal or gently inclined
surface(s), sometimes long and narrow, which is(are) bound by a
steeper ascending slope on one side and by a steeper descending
slope on the opposite side.
The line along which there is a marked increase of slope at the
seaward margin of a continental (or island) shelf.
The deepening sea floor out from the shelf-break to the upper limit of
the continental rise, or the point where there is a general decrease in
steepness.

Reference
IHO (2008)

Done (2011)

Harriott and
Banks (2002)
IHO (2008)
Abbey et al.
(2011)
Abbey et al.
(2011)
Beaman et al.
(2008)
IHO (2008)

IHO (2008)

IHO (2008)

Acoustic backscatter and sub-bottom profile data were used to inform the
classification of mid- and outer-shelf features. Backscatter data differentiates hard
substrates from soft substrates using the relative measure of reflectivity of acoustic
signal intensity, whereby hard surfaces reflect higher intensity backscatter (light areas in
Figure 3.2c) and soft surfaces reflect comparatively lower intensities (dark areas in
Figure 3.2c). Backscatter data were collected concurrently with MBES bathymetry and
processed using the CMST GA-MB Toolbox outlined in Gavrilov et al. (2005) and
gridded to 5 m cell size (Figure 3.2c). Sub-bottom profile data were captured as 2D
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profiles using a Kongsberg TOPAS 18 Parametric sub-bottom profiler (Base version
v2.1) and were displayed and interpreted in Seisee (v2.6.2). These data were used to
characterise sub-surface stratigraphy in areas of soft substrate. Sub-bottom profiles were
collected continuously along MBES tracklines, totalling 2,003 km, for the duration of
the cruise and processed onboard. These datasets, together with the drill and sediment
core data collected by Woodroffe et al. (2013), provided information on surface and
sub-surface composition.
Features from the mid shelf to shelf break were delineated at a 1:10,000 map scale
using the bathymetry model overlain with slope (5 m cell size, 50% transparency),
which was derived from the bathymetry model using ArcGIS Spatial Analyst (Figure
3.2d). Slope effectively delineates landform boundaries without the bias of illumination
direction that occurs with hillshading (Evans, 2012). Zonal Statistics were extracted for
each feature in ArcGIS, and a hypsometric curve was produced using the Zonal
Histogram tool to show the depth distribution of each feature (depth binned at 1 m
intervals).

3.3 Results
3.3.1

Shelf geomorphometry
High resolution (5 m cell size) bathymetric mapping of the Balls Pyramid shelf

(16.2 km width; 22.8 km length) revealed a highly complex shelf predominantly
comprised of reef structures with subordinate basins and channels (Figure 3.2b, Figure
3.3). The shelf is predominantly 30-60 m deep, with little shallow (<30 m) substrate.
Inclusive to the shelf break (maximum depth 243 m), the shelf averages 55 m (±21 m)
depth with <1 % in 0-30 m depth, 77% in 30-60 m depth, 14% in 60-90 m depth and 8%
in 90-220 m depth. Beyond the shelf break are steep flanks surrounded by abyssal plains
>3000 m depth.

28

Figure 3.2 a) Source of input datasets integrated to produce bathymetry model; b) Hillshaded bathymetry
model for Lord Howe Island and Balls Pyramid shelves (5 m cell size). Colour scheme stretched from 0
to -100 m depth, white dashed lines represent 1000 m contour intervals; c) Backscatter data for the Balls
Pyramid shelf (5 m cell size) with the location of drill cores and vibrocores collected aboard R.V.
Southern Surveyor SS2013_V02; d) Slope map derived from bathymetry model (5 m cell size).
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Seafloor feature classification and key attributes are shown in Figure 3.4 and
Figure 3.5a, with depth distributions represented by a hypsometric curve in Figure 3.5b.
Inner-, mid- and outer-shelf reef features demonstrate greater relative relief, higher
average slope (Figure 3.5a), and higher backscatter intensity (Figure 3.2c). Poor signal
penetration of the sub-bottom profile data on the reef features indicates hard substrate
surfaces. On the seaward rim of the outer shelf, a series of terraces extend to the shelf
break. Dissecting the shelf reefs are basin and channel features, which are characterised
by lower relative relief, circular to elongate morphologies, smooth surfaces (Figure 3.4,
Figure 3.5), low intensity backscatter (Figure 3.2c) and poor sub-surface penetration of
sub-bottom profiler data. From the hypsometric curve, a peak in the distribution of the
inner- and mid-shelf features occur at 35 m (Figure 3.5b), followed by a minor peak at
42 m, attributable to the combined surface area of the mid-shelf reef structures. A
distinct mode in the hypsometry at 48-53 m represents the outer-shelf platform and, to a
lesser extent, mid-shelf basins and channels. The outer-shelf terraces are spread across a
wide depth interval, forming a minor mode at 75 m.
3.3.1.1 Inner shelf
Inner-shelf reefs encircle the Balls Pyramid pinnacle, extending from the island
coast down to 40 m water depth (Figure 3.5a), predominantly occurring in depths of 3035 m (Figure 3.5b) . The island base steeply slopes to the surrounding seafloor, with
gradients up to 67°. The inner-shelf reefs are separated from the mid-shelf reefs by
distinct, linear channels 1-3 m deep. These are 2,830 m in length and up to 245 m wide
on the western side of the shelf and 2,280 m in length and up to 380 m wide on the east.
The channels transition to a basin morphology, reaching a maximum of 550 m in width.
There was no backscatter or sub-bottom profiler coverage of these features, though the
substrates appear sandy based on the satellite imagery.
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Figure 3.3 Hillshaded bathymetry model for Balls Pyramid shelf (5 m cell size). Inset locations A-E refer
to maps presented in Figure 3.6, Figure 3.7 and Figure 3.8. Colour scheme stretched from 0-100 m depth
with the 1000 m depth contour displayed as white dashed line.
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Figure 3.4 Seafloor feature characterisation for Balls Pyramid shelf. Inset locations A-E refer to maps
presented in Figure 3.6, Figure 3.7 and Figure 3.8.
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Figure 3.5 a) Zonal statistics for seafloor features around the Balls Pyramid shelf; and b) zonal histogram.
Depth range (R), average (Av), standard deviation (sd) and area percentage (%) of the shelf.

3.3.1.2 Mid shelf
Mid-shelf reefs cover 87 km2 of the shelf (33% of total shelf area) in depths of
20-56 m (Figure 3.5a). They are most prominent on the southwest sector of the shelf,
where they extend to the shelf break, reaching a maximum width of 5,221 m. The reefs
are differentiated into upper and lower reefs, and inter-reef depressions based on
differences in relative depth and surface complexity. The upper reef predominantly
occurs in 30-40 m (average 35 m) and demonstrates greater structural complexity with
broader distribution of slope angles (0-23°, average 2°, Figure 3.5a). The lower reef
largely occurs in 35-50 m (average 43 m depth) and exhibits less variability in slope (017°; average 1.6°, Figure 3.5a). Within the upper and lower reef features there are
smooth ‘inter-reef depressions’ (0-13°, average 1.2°), which primarily occur in 32-50 m
(average 41 m, Figure 3.5a).
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The shallowest reef occurs 2,700 m south of South East Rock, where Sunken
Rock rises to 20 m depth from a base of 34-42 m (Figure 3.3). This elongate feature
(255 m length, 122 m width) has slopes up to 19°. It adjoins two smaller, mounded reefs
to the north, which rise to 22 m and are 100-155 m in length and 66-67 m in width. A
comparatively shallow peak at 23 m occurs 950 m west of South East Rock, where the
reef rises, sloping up to 18°, from the eastern rim of the southern mid-shelf basin.
A series of linear, subparallel ridges are oriented southwest toward the south of
the reef. The ridges range 1-2 m in height and up to 400 m in length, and further north
the structures become more distinct reaching up to 600 m in length and 3 m in height
(Figure 3.6a). Similar structures appear on the seaward rim of the lower mid-shelf reef
on the eastern shelf, where they reach up to 400 m in length and 0.5-2.5 m in height
(Figure 3.6b).

Figure 3.6 Hillshaded bathymetry, slope map and profile cross-section of: a) mid-shelf linear reef
features; b) mid-shelf reef forereef buttresses; and c) steep rimmed mid-shelf basin. Inset location and
legend for bathymetry in Figure 3.3.

In contrast to the well-developed reefs of the southwest, the northeast shelf is
characterised by a prevalence of basins and channels in depths of 31 to 57 m (Figure
3.5). Sub-bottom profiles reveal several prominent reflectors beneath the surface, with
up to 16.5 m thickness of accumulated stratified material within the basins. Three
prominent basins occur on the north, east and south of the shelf, in predominantly 42-50
m depth (average 46 m) and are characterised by expansive, smooth surfaces (average
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slope 0.7°) bordered by high elevation reef. The northern basin is the largest in area (11
km2), up to 5,115 m in length and 1,455 m in width, and has continuous sediment cover
up to 16.5 m thick. The eastern (8.6 km2) and southern (5.7 km2) basins are smaller in
area and show restricted spatial extents of soft substrates from the backscatter compared
to the northern basin (Figure 3.2c).

Figure 3.7 Sub-bottom profile transect through the eastern basin of the Balls Pyramid shelf with oblique
3D view of: a) hillshaded bathymetry; b) seafloor feature classification; c) slope map of the transect area.
Sub-bottom profile cross-section: d) without interpretations of bedding; and a) with bedding
interpretations overlain. Inset location and legends for components a-c shown in Figure 3.2d, Figure 3.3
and Figure 3.4.

On the western rim of the eastern basin, a relatively steep slope (up to 22°)
defines the basin rim and rises to the mid-shelf reef (Figure 3.6c). Steep slopes also
occur on the eastern rim of the southern basin (up to 12°) and southern rim of the
northern basin (up to 16°). The southern basin is enclosed by mid-shelf reef, while the
eastern and northern basins connect to the outer-shelf platform and reefs.
Sub-bottom profiles indicate one or several prominent reflectors within the first
5 m of the sub-surface, interpreted as layers of coarser or cemented materials. A crosssection through the eastern basin represents typical reflector patterns (Figure 3.7).
Several widely spaced (4-6 m), sub-horizontal unconformity surfaces are preserved 2-10
m beneath the surface, overlain by 5 m of uniformly layered bedding (spaced 1-2 m)
with a thin veneer of tightly spaced (<1 m) uniform reflectors at the surface. The surface
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bedding appears closely related to the topography, onlapping onto exposed and semiburied reef features.
3.3.1.3 Outer shelf
Dominating the outer shelf is the outer-shelf platform (72.7 km2), which
comprises 28% of total shelf area and largely occurs in 48-60 m depth (average 54 m,
Figure 3.5b). It typically has a smooth low gradient surface (slope average 1.1°), though
the seaward rim steepens up to 73°. The width of the outer shelf is 45-3,612 m,
narrowest on the western shelf and broadest to the south. The seaward rim of the outershelf platform is defined by a distinct terrace step, 1-5 m in height at an average of 6070 m depth. On the western and eastern shelf, the terrace step is characterised by
forereef buttresses, protruding up to 1-2 m in height and 400 m in length, with few other
terrace steps observed. Numerous terraces and terrace steps are evident on the northern,
southern and southeast shelves toward the shelf break (Figure 3.4). Substantial
variability in the depth distribution occurs for the terrace features and shelf break due to
the changes in gradient of the shelf break around the shelf (0.4°-84°, Figure 3.5a).
Outer-shelf terraces predominantly occur in 65-100 m depth (average 92 m) and the
shelf break at 115-150 m depth (average 133 m).
Rising from the platform are patchy reef structures, primarily occurring in 45-56
m depth (average 53 m, Figure 3.5a), intersected by basins and channels. The largest
outer-shelf reef occurs on the northern shelf, reaching 4,310 m in length, 278-705 m in
width and 3 m in height. On the southern outer shelf, a series of narrow, mounded
ridges (typically <1 m height) occur, including the longest reef at 8,300 m and 40-90 m
in width. These ridges are sub-parallel to the adjacent seaward terrace steps. Other
elongate and patch reefs occur on the southeast and eastern shelf, with localised basins
and channels positioned behind mounded ridges or adjoining the lower mid-shelf reef.
On the northern outer shelf, a dense network of basins and channels occurs. A
northwest oriented channel connects the large northern mid-shelf basin to the outershelf terraces and flanks. The channel is 2,534 m long, 59-586 m wide, and is deepest at
its landward extent (6 m deep), shallowing seaward (1-2 m deep). The channel connects
to a gently sloping terrace (<4° slope), adjacent to a series of terraces and terrace steps.
Sub-bottom profiles reveal sediment accumulations (up to 5 m thick) overlaying buried
reefs and sub-horizontal terrace surfaces (Figure 3.8). The upper terrace section (60-68
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m depth) conceals three stepped reef structures and two phases of buried sub-horizontal
terraces 3 m apart, while the lower terrace section (>68 m depth) is draped with
sediments, with a slump-like mound apparent toward the terrace base at 80 m depth.
Northwest-oriented bedforms, 1-2 m in height and 100-700 m long, occur at the terrace
base.
Terraces and terrace steps are most numerous on the southern rim, where up to 12
clear sequential terrace steps are evident. These terraces appear to comprise harder
substrate surfaces, as indicated by high intensity backscatter data (Figure 3.2c) and poor
signal penetration of the sub-bottom profiler, though soft substrates likely form a
veneer. On the eastern and western rims, terraces converge to one or two distinct terrace
steps (Figure 3.4). Beyond the shelf break are the flanks and slopes of the shelf, which
dip steeply into abyssal depths of >3,000 m, apart from the shelf section at 600 m depth
that adjoins the Lord Howe Island shelf.

Figure 3.8 Sub-bottom profile transect through the northern terrace of the Balls Pyramid shelf with
oblique 3D view of: a) hillshaded bathymetry; b) seafloor feature classification; c) slope map of the
transect area. Sub-bottom profile cross-section: d) without interpretations of bedding; and e) with bedding
interpretations overlain. Inset location and legends for components a-c shown in Figure 3.2d, Figure 3.3
and Figure 3.4
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3.4 Discussion
Morphometric analyses of the Balls Pyramid shelf have revealed a complex
network of reef systems and infilled basins on what had previously been considered to
be a truncated volcanic platform beyond the limits of substantial reef growth
(McDougall et al., 1981; Kennedy et al., 2002; Woodroffe et al., 2010). The broad
spatial extent of the submerged, limestone reefs indicates that it is a composite island,
with substantial limestone deposits atop a buried volcanic base (Vacher and Quinn,
1997; Woodroffe et al., 2013), inferred to represent multiple phases of reef accretion
and shelf erosion throughout the Late Quaternary.

3.4.1

Origin of mid-shelf reefs
The depths of mid-shelf reefs around Balls Pyramid (30-60 m depth) correspond

to the Early Holocene marine transgression (10-8 ka) and interstadials of Marine Isotope
Stages (MIS) 5, 7, 9 and 11 (Figure 3.9), and occur at similar depths to the Lord Howe
Island mid-shelf fossil reef (25-50 m depth) which accreted, in part, during the
Holocene (9-2 ka, Woodroffe et al., 2010). Morphological attributes of the shelf reefs
are also similar, with both shelves possessing complex surface topographies, elongate,
protruding buttresses, and prominent basins intersecting the reef with channels
connecting to the outer shelf (Brooke et al., 2010; Woodroffe et al., 2010). The
orientation of forereef buttressing and linear ridge formations (Figure 3.6) on the Balls
Pyramid mid-shelf reef correspond to the alternating east-west wind patterns which
established during the Early- to Mid-Holocene when the Tasman Front shifted to its
current position at ~34°S (Bostock et al., 2006). Buttress morphologies on the reef rims
are comparable to the large spur and groove features observed on the southern margin of
the Lord Howe Island fossil reef, inferred to have been subject to high wave intensities
(Woodroffe et al., 2010). The southwest shelf is interpreted as the windward shelf due
to the orientation of reef formations and the larger spatial extent of mid-shelf reef
growth. While the Lord Howe Island mid-shelf reef forms a distinctive barrier-type
morphology, the Balls Pyramid mid-shelf reefs instead form a platform-type
morphology.
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The evidence presented for Balls Pyramid, including scale of reef development,
the depth distribution of features and the morphological resemblance to the fossil coral
reef around Lord Howe Island, suggests the mid-shelf reef surrounding Balls Pyramid is
a fossil coral reef. It appears to be a drowned ‘give-up’ reef (Neumann and MacIntyre,
1985), unable to accrete vertically to keep pace with sea level, as have the atoll-like
Elizabeth and Middleton Reefs (Woodroffe et al., 2004), or backstep landward such as
the Lord Howe Island reefs (Woodroffe et al., 2010). Such drowning may be
attributable to the lack of suitable topography on which to backstep (<1% of shelf area
<30 m depth) and/or its more southerly position.
3.4.1.1 Evidence of basin erosion and deposition
Basin and channel features are interpreted as paleolagoons and paleochannels,
and occur most prominantly on the northeast shelf, interpreted as the leeward shelf. The
steep-sided rims of the basins (Figure 3.6c) suggest shelf erosion during lower sea level,
with topographies comparable to those observed on makatea islands (such as Ma’uke of
the southern Cook Islands), where steep sided limestone rims, attributed to uplift and
solution of reef limestone, surround a volcanic core (Stoddart et al., 1990; Nunn, 1994).
The basin morphologies may therefore indicate dissolution as part of karst erosion of
the shelf during times of exposure (Hoffmeister and Ladd, 1944; Purdy, 1974), followed
by deposition of reefal material during periods of higher sea level.
Numerous reflectors observed from the mid-shelf basin sub-bottom profiles (516.5 m below the surface) indicate a dynamic sedimentary environment. The upper unit
of closely-spaced, uniform bedding follows topographic contours, and is thus
interpreted as likely Holocene post-transgressional deposits, with the strong
unconformity reflector interpreted as the pre-Holocene surface. Similar stratigraphy
patterns were observed in the modern lagoon of Lord Howe Island, where the HolocenePleistocene boundary occurred as a prominent reflector 5-20 m below the seafloor
(Kennedy and Woodroffe, 2000). Elsewhere along the Australian coast similar preHolocene surfaces occur up to 25 m thick in the Great Barrier Reef (Hinestrosa et al.,
2014) and up to 15 m thick along Ningaloo Reef (Collins et al., 2003).
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3.4.2

Origins of outer shelf features and implications for sea level
Submarine terraces mark phases of past sea-level lowstands, and can form as

erosional structures where wave action planates a horizontal bench and sea cliffs
(Menard, 1983), or as accretionary structures, such as dunes or coral reefs (Abbey et al.,
2013; Ramalho et al., 2013). The depth distribution and morphology of terrace steps
around Balls Pyramid indicate the terraces are eroded sea cliffs, formed during periods
of low sea level, with evidence of accretionary processes acting to form the adjacent
outer-shelf reefs. The terraces occur at a broad depth range, most commonly at 65-100
m depth, which corresponds to sea-level lowstands during the last glacial (MIS 2-4,
Figure 3.9). At this time, the East Australian Current had shifted north to 26°S along the
Lord Howe Rise, associated with conditions of weakened easterly Trade Winds,
strengthened Westerlies, and cooler sea-surface temperatures (Martínez, 1994; Nees,
1997; Kawagata, 2001; Bostock et al., 2006). The prevailing alternating east-west winds
correspond to the morphology of the steeper-gradient eastern and western rims, which
are characterised by buttressing formations. Adjoining the terraces on the gentlergradient northern and southern rims are elongate, sub-parallel outer-shelf reefs which
appear to represent accretionary paleoshoreline features, with possible origins as dunes
(e.g. Nichol and Brooke, 2011) or coral reefs (e.g. Abbey et al., 2013).
On the northern shelf, sub-bottom profiling revealed buried sub-horizontal
terraces (Figure 3.8), attributed to shelf-derived sediments transported off-shelf by
seaward flowing channels. Sediments recovered from a core in the trough between the
Balls Pyramid and Lord Howe Island shelves (750 m depth) showed the deposition of
carbonates primarily sourced from shelf erosion during the last glaciation, with
negligible Holocene carbonates (Kennedy et al., 2011). Surficial reflectors in the subbottom profiles are therefore inferred as Holocene to modern deposits, with the first
strong sub-horizontal reflector likely representing the pre-Holocene surface.
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Figure 3.9 Quaternary sea-level curve modified from Grant et al. (2014) with generalised depths of midshelf reef features, terrace upper and lower boundaries. The Holocene Thermal Maximum (HTM) and
Marine Isotope stages 1-12 are indicated.

3.4.3

Implications for reef evolution at the latitudinal limit
The broad spatial magnitude of fossil reefs discovered on the Balls Pyramid

shelf provides evidence of extensive coral reef production at the limit of reef formation.
The evolution of the Balls Pyramid shelf appears to have undergone a complex
erosional and depositional history, and represents a post-erosional stage of island
evolution, which has not reached the stage of an emergent reef (Ramalho et al., 2013).
Had the island-reefs around the Balls Pyramid shelf developed in tropical seas on a
rapidly subsiding surface, their morphologies might have been expected to fit into the
Hawaiian or Tahitian examples of island-reef sequences (Webster et al., 2009; Blanchon
et al., 2014). However, since they developed in a tectonically stable setting at the
margin of reef-forming seas, they have experienced significant erosion before
substantial reef accretion occurred, and thus developed a characteristic morphology
unique to this setting (Figure 3.10).
In a time of rapid change to ocean processes as a result of global warming (IPCC,
2014), there is a need to better understand the distribution of coral reef ecosystems at
their environmental and physiological limits (Kleypas et al., 1999a; Perry and
Larcombe, 2003). Coral reefs are shown to have expanded their ranges poleward under
past conditions of warming (Kiessling et al., 2012) and understanding the nature of such
expansions can provide insights into how reefs may respond under changing climate
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pressures (Perry and Larcombe, 2003; Riegl and Piller, 2003; Pandolfi and Kiessling,
2014). The evidence of extensive submerged reef systems around the remote island
platform of Balls Pyramid demonstrates substantial carbonate production despite its
location at the modern limits of hermatypic coral growth. Morphological attributes
suggest the dominant reef features have origins as a drowned coral reef, implying the
platform lies within reef-forming seas. As the southernmost island in the chain, 24 km
south of the known limit of Holocene and modern coral reef growth in the Pacific
Ocean, the discovery of substantial reef growth at this locality has important
implications for understanding the limits of past coral reef expansions, and the potential
capacity of the shelf to support modern coral reef expansion under warming conditions.

Figure 3.10 a) Darwinian sequence of island-reef evolution in reef-forming seas; b) Planation of volcanic
islands in non-reef forming seas; and c) the Lord Howe chain showing the sequence of the southerly Balls
Pyramid (BP) shelf with fossil reefs, Lord Howe Island (LHI) with fossil and fringing reefs, and atoll-like
Elizabeth and Middleton Reefs. LHI and BP bathymetry clipped to 1000 m depth, north-facing oblique
angle with 8 x vertical exaggeration. Modified from Woodroffe et al. (2006).
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3.5 Conclusions
The key findings of this chapter are as follows:
1. The discovery of an extensive network of submerged fossil reef systems on the
shelf around Balls Pyramid, dominated by a large mid-shelf reef at 30-50 m
depth
2. Evidence of a dynamic, high energy sedimentary environment indicated by
accumulations of soft substrates in basins and channels
3. Identification of erosional terrace-step sequences marking the outer-shelf rim at
65-100 m depth
4. Correlation of features to the mid-shelf fossil reef around Lord Howe Island,
suggesting the mid-shelf reef features discovered are drowned coral reefs.
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Chapter 4

Latitudinal range expansion of Holocene coral reefs in the
southwest Pacific

4.1 Introduction
The latitudinal distributions of coral reefs have been shown to expand and
contract over time in response to climate variability (Kiessling et al., 2012; Pandolfi and
Kiessling, 2014). During the Holocene, reefs extended beyond the modern geographical
limit of coral growth in the North (Figure 1.4, Veron, 1992; Yamano et al., 2012) and
South Pacific Oceans (Woodroffe et al., 2010; Chapter 3), western Atlantic (Precht and
Aronson, 2004) and southern Indian Ocean (Collins et al., 1993; Collins et al., 1996;
Greenstein and Pandolfi, 2008). Last Interglacial coral reefs occurred beyond their
known Holocene limits, associated with temperatures approximately 2°C warmer than
present (Marshall and Thom, 1976; Szabo, 1979; Pickett et al., 1989; Greenstein and
Pandolfi, 2008; McCulloch and Mortimer, 2008). In response to ocean warming, coral
reefs retracted from equatorial regions and expanded into higher latitudes at rates of up
to 400 m/yr (Kiessling et al., 2012).
Reefs not only expanded their latitudinal range, but they have been shown to have
flourished at these limits. At the southernmost reefs of the Houtman Abrolhos
(approximately 28°16-29°0 S), Holocene reef accretion up to 26 m in thickness was
recovered from cores (Collins et al., 1993) with up to 40 m inferred from sub-bottom
profiles (Collins et al., 1996). At the world’s highest latitude reefs in Japan (Iki Island,
33°48’ N and Tsushima Island, 34°25’ N) up to 5.6 m of material has accreted since the
mid Holocene (4.3 ka-present) despite marginal conditions of high turbidity and low
sea-surface temperatures (Yamano et al., 2012). At the southern limits of coral growth
in the Pacific Ocean at Lord Howe Island, substantial coral reef growth occurred during
the Holocene fringing the western coastline and as a drowned reef on the submerged
shelf surrounding the island (Kennedy and Woodroffe, 2000; Woodroffe et al., 2010).
Evidence of a similar extensive submerged limestone reef was discovered around
Balls Pyramid as presented in Chapter 3. The morphological similarities and depth
distribution of the feature (30-50 m depth) suggested it may be a drowned fossil coral
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reef, inferred to have formed during the Holocene. It is important to confirm whether
this structure is in fact a coral reef, and if such, quantify the age of the feature. This will
provide contextual understanding of the timing and magnitude of accretion around these
two shelves located at the threshold of reef formation.
The high-resolution bathymetry data and geomorphic interpretations presented
in Chapter 3 highlights the need to update and revise the bathymetric model and
geomorphic classification of the Lord Howe Island shelf in order to compare the shelves
under a consistent framework. Broadscale characterisations at provincial and biome
levels have been previously undertaken for the Lord Howe region, generating datasets
for international (Harris et al., 2014) and national (Harris et al., 2008a) marine
management. Meso-scale mapping at geomorphic and primary biome classification
levels have also been produced for the shelf (Linklater, 2009; Brooke et al., 2010; NSW
Marine Parks Authority, 2010a) and habitat classifications have been produced for the
nearshore zone, fringing reef and lagoon (Veron and Done, 1979; Environment
Australia and Marine Parks Authority, 2001; NSW Marine Parks Authority, 2010a).
These maps have been subsequently used in assessment reviews of the Marine Park
zoning scheme (NSW Marine Parks Authority, 2010a). Significant data gaps were
identified by marine park authorities on the southeast Lord Howe Island shelf and Balls
Pyramid shelf (NSW Marine Parks Authority, 2010a). These data gaps have now been
addressed for the Balls Pyramid shelf in Chapter 3, and this Chapter focuses on
addressing the data gaps for the Lord Howe Island shelf. The acquisition of core
samples coupled with geophysical data will enable a holistic interpretation of the
vertical and horizontal extent of reef growth around the two shelves.
Understanding the distribution of fossil reefs at their latitudinal limits in response
to past warming events can contribute towards forecasting potential range expansions of
reefs under future global warming (Greenstein and Pandolfi, 2008). Although fossil
reefs accreted under different sea-level and climate conditions than those present today,
they remain useful analogues to modern-day reefs. Range shifts of marine species are
already being observed as warming sea-surface temperatures intensify currents
(Yamano et al., 2011; Poloczanska et al., 2013), and reefs at their thermal limits are
vulnerable to pronounced shifts in community composition under fluctuating climates
(Greenstein and Pandolfi, 2008; Abdo et al., 2012; Beger et al., 2013; Precht et al.,
2014). Due to the critical location of the shelves at the limit of reef formation, and the
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strong influence of the East Australian Current in driving coral production, this region is
a key locality to monitor for potentially expanding coral range extents. Exploration into
the timing and magnitude of reef development will help to expand our understanding of
historical capacity for reef accretion in this region, which can inform on the potential
role of this subtropical region in supporting coral range-shifts under warming climate
conditions.
The objectives of this chapter are to: 1) investigate the chronology and
stratigraphy of the shelf reefs around Balls Pyramid; 2) create an updated bathymetry
model and geomorphological interpretation of the Lord Howe Island shelf; 3) compare
and contrast the two shelves in terms of reef evolution and shelf geomorphology.
Constraining the timing of reef accretion will enable a discussion of the evolution of the
reef features in the context of paleoclimate and sea level. The development of an
integrated bathymetric model of the two shelves enables a morphometric comparison at
a consistent, high spatial resolution. Understanding the relative extent of past reef
accretion at this critical geographical location has important implications for coral reef
accretion at the latitudinal limits. This information can be used to assess the role of
these oceanic shelves as substrates for future potential reef expansion.

4.2 Methods
4.2.1

Drill core data
Drill cores were collected during a cruise aboard the R.V. Southern Surveyor

voyage in February 2013 (SS2013_v02) using the Geoscience Australia submersible
rock drill (4 m barrel, 5 cm diameter, Appendix 2). Ten cores were recovered during the
voyage around the Balls Pyramid shelf (8 cores) and Lord Howe Island shelf (2 cores)
in 26-72 m water depth (Figure 4.1, Table 4.1, Table 4.2). Cores contained limestone
material with corals which were used for radiocarbon dating. Core stratigraphy was
described and generalised diagrams were created (see Appendix 3 for core logs).
Bottom photographs from the drill rig were included for cores where images were
captured. Vibrocores were also collected from soft-sediment basins around the two
shelves (6 m long barrel). Eleven vibrocores from the Balls Pyramid shelf and four
vibrocores from the Lord Howe Island shelf contained predominantly carbonate sands
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with gravels and rhodoliths. Preliminary vibrocore results are presented in Woodroffe et
al. (2013) and will be analysed in detail as part of a separate study.
A spatially balanced approach to drill core sampling was applied in order to
capture potential variation in reef formation around the shelf. The mid-shelf reef was the
primary focus with the deeper outer-shelf reefs a secondary focus. Site selection was
informed by the MBES and sub-bottom profile data as it was acquired onboard. Specific
features of interest were targeted, such as the linear reef features on the southwest shelf.
The shallower reef areas were targeted to capture younger growth phases and the deeper
reef areas were targeted to capture earlier growth phases. Adverse weather conditions
prohibited the sampling of the northern shelf.
Suitable coral material was extracted for age-determination with accelerator massspectrometry (AMS) radiocarbon dating undertaken at the Australian Nuclear Science
and Technology Organisation (ANSTO) facility (sample photographs shown in
Appendix 4). Prior to age-analysis, coral samples were prepared at the University of
Wollongong. Samples were cleaned with an ultrasonic probe and subsamples (1 g) were
extracted for X-Ray Diffraction (XRD) to determine aragonite concentration.
Subsamples were ground to a fine powder with acetone used as a coolant. XRD
measurements were performed with a Phillips Goniometer in conjunction with a
Spellman DF3 generator, collected at 0.02° increments from 4° to 70°. Aragonite,
calcite and high-magnesium calcite composition was analysed with Traces4 and
Siroquant v3 software. Samples were shown to have aragonite concentrations of 8999%, with only core 21RC05 (sample depth 0.715 m) comprising the recommended
<1% calcite (Appendix 5). Calcite concentrations imply slight alteration of samples
which impeded the precision of radiocarbon age analysis. However, the precision
achieved is sufficient to meet the purposes of this study, which aims to characterise
broad trends in relative accretion across the shelves. Radiocarbon age-analyses were
undertaken at ANSTO using the methodology of Hua et al. (2001). This involved
samples to be cleaned, oven-dried, hydrolysed to CO2, and converted to graphite using
the H2/Fe method. Radiocarbon ages were calibrated with the OxCal program and
Marine13 dataset using a ΔR value of -11 ± 39 yr.
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Figure 4.1 Backscatter data and drill core locations around Balls Pyramid (red triangles) and Lord Howe
Island (blue squares = 2008 survey; blue triangles = new data presented in this study). See Table 4.1and
Table 4.2 for drill core information. Vibrocore locationsare shown as yellow circles.
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Data were integrated with drill core data extracted from the Lord Howe Island
fossil reef during the R.V. Southern Surveyor voyage in 2008 to assess the evolutionary
development of the Balls Pyramid reefs in relation to the adjoining Lord Howe Island
shelf (Table 4.1, Table 4.2, Linklater, 2009; Brooke et al., 2010; Woodroffe et al.,
2010). Methodology of AMS radiocarbon and TIMS Uranium-series age-analysis for
the 2008 Lord Howe Island cores are reported in Linklater (2009), Brooke et al. (2010)
and Woodroffe et al. (2010).

4.2.2

Multibeam echosounder data
MBES bathymetry and backscatter data were acquired around the shelves using

the Kongsberg Simrad EM300 30 kHz MBES system onboard Marine National Facility
R.V. Southern Surveyor (February 2013, SS2013_v02). This chapter presents new
MBES data for the Lord Howe Island shelf, which is integrated with the data collected
for the Balls Pyramid shelf presented in Chapter 3 and infills minor gaps in the MBES
coverage of the Lord Howe Island shelf acquired in 2008 (Figure 4.2a). The collection
of new MBES data around the Lord Howe Island shelf was targeted to fill partial gaps
in the 2008 MBES dataset (Brooke et al., 2010). These gaps primarily occurred on the
inshore southeastern shelf where vessel access is challenging.
Bathymetry data were processed onboard by CSIRO Swath Technicians using
CARIS Hips & Sips software and gridded to 5 m. Lord Howe Island data were gridded
using swath angle editing method, with tidal corrections applied. Backscatter data were
collected concurrently with the bathymetry data and were post-processed using the
CMST GA-MB Toolbox outlined in Gavrilov et al. (2005). This data distinguishes
surficial hard substrates from soft substrates. The optimal depth of the system is in
deeper water (~100-3000 m depth) however it effectively captured the soft sediment
regions around the shelf.
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Figure 4.2 a) Source of input datasets integrated to produce bathymetry model; b) World View II satellite
image without corrections for cloud cover and sunglint.

4.2.3

Satellite derived depth estimation
Depth estimates were empirically derived from high resolution World View II

imagery (8 spectral bands, 2 m cell size) to supplement the gaps around inner shelf of
Lord Howe Island inshore of the limits to vessel access (Figure 4.2b). The steps to
process the satellite imagery follows the detailed methodology presented in Chapter 3
for the Balls Pyramid shelf, and are outlined in Figure 4.3 with further details provided
in Appendix 6. A brief summary of key processing stages includes corrections for
atmospheric (Berk et al., 1989; Matthew et al., 2000) and sun glint effects (Hedley et
al., 2005), with depths estimated to 35 m depth using the formula of Stumpf et al.
(Equation 9, 2003). Although the imagery penetrated deeper than 35 m (as can be
viewed in Figure 4.2b where visibility is clear to the shelf break), this was determined to
be the limit of reliable depth estimation. The band ratio (log transformed Blue/Green)
achieved a strong correlation to known depth points around Lord Howe Island (subset
points from 2013 multibeam data) using a polynomial function (r2=0.98), compared to a
linear function with a weaker correlation (r2=0.44) around Balls Pyramid.
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Figure 4.3 Process diagram of steps undertaken during processing satellite imagery and producing
bathymetry model. Geoscience Australia model produced by Mleczko et al. (2010).

4.2.4

Integrated bathymetry model
New acoustic and optical datasets were acquired to fill data gaps around the

Lord Howe Island shelf and these additional datasets were integrated with existing data
to create an updated bathymetry model for the region. The methodology is outlined in
Figure 4.3 and follows the processes described for the bathymetry model produced in
Chapter 3. Datasets were combined with the MBES and satellite derived depth for the
Balls Pyramid shelf in Chapter 3 and MBES data collected around the Lord Howe
Island shelf in 2008 (Woodroffe et al., 2010), with input coverages shown in Figure
4.2a. New MBES data for Lord Howe Island contributed an additional 355.3 km2 to the
model, together with 53 km2 of satellite imagery for the Lord Howe Island inner shelf.
Coverages were hierarchically masked based on the relative accuracy of the input data,
whereby MBES data was considered the highest ranking layer, followed by the satellitederived depth. Data were converted to points and interpolated to a 5 m grid using a
Natural Neighbour interpolation algorithm (ArcGIS v10.1). This new updated shelf
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model was mosaicked with coverage for the land and shelf slopes (30 m cell size) from
the Geoscience Australia land-bathymetry model (Mleczko et al., 2010) to create a
seamless grid. Statistical characterisations and terrain variables were derived for the
shelf-region only, with the dataset clipped to the shelf break as defined below.

4.2.5

Sub-bottom profile data
As with the MBES data, this chapter presents new sub-bottom profile data for

Lord Howe Island which are integrated with profiles previously described for the Balls
Pyramid shelf in Chapter 3 and collected from around Lord Howe Island in 2008
(Linklater, 2009, Brooke et al., 2010, Woodroffe et al., 2010). Sub-surface
stratigraphies were captured as 2D profiles in soft sediment areas using a Kongsberg
TOPAS 18 Parametric sub-bottom profiler onboard Marine National Facility R.V.
Southern Surveyor. Profiles were collected continuously along MBES track lines
(coverages for 2008 and 2013 shown in Appendix 7) for the duration of the voyage and
processed onboard. Sub-bottom profiler signals were unable to penetrate beneath reefal
material and were only able to detect reflector horizons in soft-sediment environments.

4.2.6

Geomorphic interpretation
The definition of seafloor features within this chapter extends upon the

geomorphometric interpretation of Balls Pyramid shelf undertaken in Chapter 3 and
applies the framework to revisit the Lord Howe Island shelf. The interpretations are
informed by previous characterisations of the Lord Howe Island shelf produced by
Environment Australia and Marine Parks Authority (2001), Linklater (2009),
Woodroffe et al., (2010) and NSW Marine Parks Authority (2010a). The extraction of
core samples enables the definition of seafloor features to be progressed from the
geomorphometric descriptions provided in Chapter 3, which focus on morphology and
structure, to a geomorphic classification, which incorporates information on the
geology.
Feature characterisation was undertaken using the methodology consistent with
the Balls Pyramid shelf classification presented in Chapter 3, whereby polygons were
digitised in ArcGIS v10.1. Inner shelf features around Lord Howe Island were defined
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at a 1:6,000 map scale using World View II imagery, supplemented with ADS40 (2012)
aerial imagery where cloud artefacts obscured view. The spatial extent of the modern
fringing reef was informed by the detailed study by Kennedy and Woodroffe (2000) and
the habitat classification presented by Environment Australia and Marine Parks
Authority (2001). For the remaining shelf, features were digitised at 1:10,000 using
slope transparently (50%) displayed over the bathymetry model. These mid- to outershelf features were informed by the habitat classification presented by Linklater (2009)
and NSW Marine Parks Authority (2010). Definitions of feature terms, such as reefs,
terraces and basins, are presented in Table 3.1, Chapter 3. The Zonal Histogram tool in
ArcGIS was used to create hypsometric curves.

4.3 Results

4.3.1

Chronology and stratigraphy
Prolific coral growth is evident within the cores recovered from the mid-shelf reef

on Balls Pyramid, confirming its origins as a fossil coral reef (Figure 4.4). Coral reef
accretion on the upper surface of Balls Pyramid shelf is evident during the Early
Holocene from 10,140-8,845 yrs BP (Table 4.1, Table 4.2, Figure 4.5). The youngest
age of 8,845 yrs BP was returned from coral extracted from the shallowest sample
09RC01 collected in 37 m on the southeast upper mid-shelf reef, and the oldest age of
10,140 yrs BP from 21RC05 collected in 42 m depth on the southeast lower mid-shelf
reef. The remaining cores collected in 37-42 m depth returned similar ages from 9,9659,415 yrs BP, and for the majority of samples, coral age was shown to decrease with
shallowing depth. The exception to this trend was the deepest core, which contained
unconsolidated sands and gravels with a unit of coral framework dated to 9,740 yrs BP
in 72 m depth.
Coral growth is evident as coral framework as well as coral intermixed with
other cemented carbonates. Coral framework units dominate the stratigraphy for core
18RC02, 19RC03 (southwest shelf) and 21RC05 (southeast shelf). These coraldominated cores recorded the lowest rates of core loss during recovery, with 21RC05
the only core to have full recovery. Core loss is attributed to unconsolidated sands
flushed from the core during extraction and/or cavities in porous reef. Modern corals
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form a thin veneer across the Balls Pyramid and Lord Howe Island fossil reefs, evident
from coring, bottom photographs, and existing underwater video footage (Speare et al.,
2004). Individual core stratigraphy is described below together with bathymetric data,
sub-bottom profile data and bottom photographs captured from the drill rig, presented in
order of proximity to the island.

Figure 4.4 Sample photographs of recovered core material. Sample photo location reported as depth from
top of recovered (R) core.
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Table 4.1 Depth and recovery of drill cores and radiocarbon ages for subsamples.
Survey

Shelf

Core

Lab code

Depth
(m)

Core P
(m)

Core R
(m)

Sample
depth R
(m)

Material

Aragonite
(%)

Mean
δ13C
(‰)

Cal. 14C age (cal yrs
BP) Median (2σ
Upper - Lower)

2013

BP

09RC01

OZR333

37

1.5

0.74

0.08-0.09

Coral

97.8

0.1

8845 (8635-9000)

Coral

98.5

-1.0

9430 (9300-9520)

1.26

0.220.225
0.87-0.88

Coral

87.6

-0.6

9415 (9280-9515)

0.065

Coral

97.8

-0.3

Modern

OZR044

BP
BP

18RC02

2013

BP

19RC03

2013

BP

20RC04

2013

38

1.84

OZR334
OZR045

38

2.31

1.96

-

43

0.93

0.05

OZR046
2013

BP

21RC05

42

1.99

-

-

-

-

-

0.715

Coral

99.0

-2.2

10140 (9925-10240)

1.28-1.30

Coral

98.2

-2.3

9965 (9745-10150)

1.99

OZR047
2013

BP

22RC06

-

36

2.4

0.35

-

-

-

-

-

2013

BP

37RC07

-

40

2.9

0.7

-

-

-

-

-

2013

BP

42RC08

OZR335

72

2.98

0.59

0.59

Coral

89.0

-1.3

9740 (9535-9935)

2013

LHI

43RC09

26

2.37

1.26

-

-

-

-

-

0.38

Coral

97.2

-0.4

8415 (8535-8315)

2013

LHI

44RC10

34

1.45

1.19

OZR049

1.12-1.19

Coral

96.6

-0.8

8725 (8935-8560)

OZL208

0.06

Coral

-

0.3

151 (0-260)

0.16

Coral

-

-0.2

185 (0-291)

0.17

Mollusc

-

3.4

2933 (2768–3111)

0.27

Coral

-

-0.3

2490 (2336–2669)

0.40

Coral

-

-1.3

2387 (2225–2605)

OZR048

2008

LHI

13RC01

27

2.03

0.85

OZL209
2008

LHI

14RC01

2008

LHI

15RC01

OZL210

27

2.58

0.75

34

0.97

0.50

OZL211
OZL211
2008

LHI

15RC02

OZL213

34

1.43

0.40

0.32

Coral

-

-

2575 (2390–2717)

2008

LHI

21RC01

OZL214

30

1.22

0.87

0.02

Clam

-

1.9

Modern

2008

LHI

22RC01

OZL215

24

2.72

1.20

0.09

Coral

-

-0.5

7293 (7169–7407)

* Abbreviations: P = Penetrated; R = Recovered; Cal. = Calibrated 14C ages reported in years prior to 1950 A.D.;
Sample depth reported from top of recovered core.

Table 4.2 Depth and recovery of drill cores and Uranium-series ages for subsamples.
Survey

Shelf

Drill
core

2008

LHI

13RC01

Material

Aragonite
(%)

Corrected 230Th
Age (cal yrs
BP) 2σ

0.16

Coral

>99

170 ± 2

0.85

Coral

98.5

8956 ± 34

Depth
(m)

Core P
(m)

Core R
Sample
(m)
depth R (m)

27

2.03

0.85

2008

LHI

14RC01

27

2.58

0.75

0.55

Coral

96.8

7590 ± 32

2008

LHI

15RC01

34

0.97

0.50

0.40

Coral

98.6

2379 ± 14

2008

LHI

21RC01

30

1.22

0.87

0.79

Coral

93.9

8100 ± 48

2008

LHI

22RC01

24

2.72

1.20

1.17

Coral

92.6

9079 ± 52
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Figure 4.5 Hillshaded bathymetry with core stratigraphy and AMS chronology for Balls Pyramid drill cores. Transect locations A-G refer to Figures 4.6-4.11.

Drill core 22RC06 was recovered 1.5 km north of Balls Pyramid in 36 m water
depth and contains loose volcanic sands and consolidated volcanic breccias which
underlie heavily weathered carbonate fragments (Figure 4.6). The core was extracted
atop reefal material adjacent to the northern sedimentary basin. High core loss was
experienced (P= 2.4 m; R= 0.35 m), attributed to loose sands at the base of the core.
This core contains the only volcanic material recovered from drilling around Balls
Pyramid. Volcanic materials were also recovered around Lord Howe Island in the form
of laminated volcanic cements from core 43RC09 which was collected from the patch
reefs seaward of the fringing reef, approximately 4 km from the western coastline. The
proportion of volcanic material in these cores is minimal compared to the overwhelming
majority of carbonate in the remaining cores extracted.

Figure 4.6 Drill core 22RC06: a) Hillshaded bathymetry with location of sub-bottom profile transect; b)
bottom photograph from drill rig; c) sub-bottom profile transect without interpretations; and d) subbottom profile transect with interpretations of sub-surface reflectors.

Living corals veneer drill core 09RC01, evident from the bottom photograph
showing live corals including Acanthastrea spp. (Figure 4.7) and the ‘modern’
radiocarbon age returned from coral material in the upper core. This core was recovered
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in 32 m depth and experienced a loss of approximately half the drilled material (P=1.5
m, R= 0.74 m). Fresh coral framework occurred within the first half of the core to 42
cm, with cemented and unconsolidated coarse sand and gravel occurring throughout the
remaining core. Broken echinoderm spines were present within unconsolidated coarse
sands. Sub-bottom profiling of the adjoining basin reveals conformable sub-parallel
bedding atop unconformity surfaces ~5 m beneath the surface.

Figure 4.7 Drill core 09RC01: a) Hillshaded bathymetry with location of sub-bottom profile transect; b)
bottom photograph from drill rig; c) sub-bottom profile transect without interpretations; and d) subbottom profile transect with interpretations of sub-surface reflectors.

Drill cores 18RC02, 19RC03 and 20RC04 were collected in sequence across
linear reef ridge formations on the southwest mid-shelf reef in 35-40 m depth (Figure
4.8). Cores 18RC02 and 19RC03 were collected on raised reef topography adjacent to
the ridges and contain abundant coral framework. Core 18RC02 contains the greatest
proportion of coral framework of all samples extracted, with subordinate cemented
carbonates and gravels. Radiocarbon dating from corals within the core returned ages of
9,430-9,415 yrs BP. Due to the overlapping error ranges of these dates, the older
material appears above the younger material in this core. A lense of coral gravel occurs
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between the dated coral units, which indicates disturbance of the growth sequence and
suggests a high energy event which impacted, but did not cease, coral accretion.
Core 19RC03 contains a high proportion of coral framework and cemented
carbonates, with coralline algae also present. Radiocarbon dating of coral extracted
from coral gravel 6.5 cm within the core returned a ‘modern’ age range, which is
consistent with live corals shown to be encrusting the surface (Figure 4.8d).

Figure 4.8 Drill cores 18RC02, 19RC03 and 20RC04: a) Hillshaded bathymetry with location of subbottom profile transect; b-d) bottom photographs from drill rig; e) sub-bottom profile transect over core
18RC02; and f) sub-bottom profile transect over cores 20RC04 and 19RC03.
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Core 20RC04 was collected from the centre of a linear ridge, and experienced
significant core loss (P= 0.93 m, R= 0.05 m) attributable to fine, unconsolidated
material flushed from the core during extraction. The small amount of recovered
material contained cemented carbonates of indeterminable origin.
Coral framework and cemented carbonates were extracted from core 37RC07
from the upper mid-shelf reef on the southern part of the shelf at 40 m depth (Figure
4.9). Coral framework and gravels occur commonly throughout the core, appearing
heavily cemented and inter-mixed with coralline algae, cemented sands and
unconsolidated sands.
Drill core 21RC05 was the only core to obtain full recovery (P= 1.99; R=1.99
cm). It was extracted from the lower mid-shelf reef at 40 m depth and contains
predominantly cemented carbonates in the lower half of the core, topped by coral
framework, coral gravel, and coralline algae and capped with 10 cm of unconsolidated
sands (Figure 4.10). Radiocarbon ages of 10,140 and 9,965 yrs BP were returned from
coral sampled at 72 cm and 130 cm, respectively, within the core.

Figure 4.9 Drill core 37RC07: a) Hillshaded bathymetry with location of sub-bottom profile transect; and
b) sub-bottom profile transect.
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Figure 4.10 Drill core 21RC05: a) Hillshaded bathymetry with location of sub-bottom profile transect; b)
bottom photograph from drill rig; c) sub-bottom profile transect.

Drill core 44RC08 was collected from the deepest waters on the southeast outershelf terraces in 72 m depth (Figure 4.11). It contained predominantly unconsolidated
sands and gravels with a coral framework unit dated to 9,740 yrs BP. The coral
framework within this core may represent in situ growth, or may have been broken from
the mid- or outer-shelf reefs and transported to the terrace. Unconsolidated sands and
gravels occur as a fining upward sequence, with fine-grained carbonate sands present
within the upper few centimetres of the core, coarsening to gravelly sands and
unconsolidated gravels for the remaining core. A lense of rhodoliths occurs at ~10 cm
and several large coral framework pieces occur at ~55 cm, with radiocarbon dating
performed on a coral piece at 59 cm. Thick sediment deposits, which were observed on
the northern terraces in Chapter 3, are not apparent within this sub-bottom profile on the
southern shelf terrace. This may be a result of reduced sub-bottom profiler signal along
this transect, or a reduction in sediment deposition on the southern outer shelf. It is
inferred that fine, unconsolidated materials occur at least within the upper few metres of
the terrace surface, as 2.39 m of material was lost during the recovery of this core
(which is the largest loss experienced of all samples).
The ages recovered from the corals on the Balls Pyramid fossil reef are generally
slightly older than the ages recovered from coral samples extracted from similar depths
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around Lord Howe Island fossil reef (Figure 4.12). The absence of corals of Mid- to
Late- Holocene age from the Balls Pyramid shelf implies that the reef drowned toward
the end of the Early Holocene. Conversely, coral accretion around Lord Howe Island
backstepped with rising post-glacial sea level and retreated landward to form the
modern reef (Kennedy and Woodroffe, 2000; Woodroffe et al., 2010). The new
radiocarbon ages of 8,415 and 8,725 yrs BP obtained from the mid-shelf reef around
Lord Howe Island (44RC10, 34 m depth, Figure 4.12, Table 4.1) are consistent with the
previous chronology for the fossil reef (Table 4.1, Table 4.2, Woodroffe et al., 2010).

Figure 4.11 Drill core 44RC08: a) Hillshaded bathymetry with location of sub-bottom profile transect;
and b) sub-bottom profile transect.
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Figure 4.12 Hillshaded bathymetry with drill core location and radiocarbon age (ka). Core lengths = Recovered depth. East-facing oblique angle view (40° from
horizontal) displayed in ArcScene with 4x exaggeration. Colour scheme stretched from 0 to 100 m depth.

4.3.2

Integrated bathymetry model
An updated high resolution bathymetry model (5 m cell size) was created for the

two shelves from the integration of a variety of new and existing bathymetry datasets
(Figure 4.12). Achieving a 5 m resolution across the two shelves enabled a consistent
interpretation, and thus comparison, of shelf geomorphology at a detailed scale (Figure
4.13, Figure 4.14, Table 4.3). From the island coast to the shelf break, the two shelves
possess comparable feature composition and depth distributions, however feature
expression is notably larger and exaggerated around Lord Howe Island. Inclusive to the
shelf break, the 503.9 km2 area of the Lord Howe Island shelf (average depth 49 ± 22
m) is almost twice the size of the 260.6 km2 Balls Pyramid shelf (average depth 55 ± 21
m). Detailed comparisons of geomorphic features across the seascape are presented
below.
Vertical accuracy of the depth derived from the World View II satellite image
for the Lord Howe Island inner shelf was validated with a subset of the 2013 MBES
data, with a Mean Absolute Error (MAE) of 2.18 m. This is slightly reduced to the
MAE of 2.36 m for the Balls Pyramid depth estimates derived from the Quickbird
image (Chapter 3), as there was more sunglint on the Quickbird image.

4.3.3

Geomorphic comparison
The hypsometries of both shelves are dominated by broad platforms, with 68%

and 77% of the depths occurring in 30-60 m on the Lord Howe Island and Balls
Pyramid shelves, respectively (Figure 4.14). Similar proportions of the shelves occur in
deeper waters, with 14% of shelf area in 60-90 m for both shelves, and 6-8% >90 m.
The greatest difference occurs in the shallow waters, where <1% occurs in <30 m depth
around Balls Pyramid, while 12% of the Lord Howe Island shelf comprises shallow
substrate.
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Figure 4.13 Geomorphic classification of the Lord Howe Island and Balls Pyramid shelves.
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Figure 4.14 Zonal histogram for geomorphic features of the: a) Lord Howe Island shelf; and b) Balls
Pyramid shelf. Refer to Figure 4.13 for colour scheme legend.

The hypsometric curve highlights the similarities in the depth distributions of
features, as well as the differences in the cumulative area of the Lord Howe Island
features. A pronounced modal depth occurs on the Lord Howe Island shelf at 35-40 m
from the collective contributions of the mid-shelf reefs and inner shelf features. At 3035 m, a minor mode from the mid-shelf reefs is seen on the Balls Pyramid shelf, though
the distribution spreads more broadly across 30-50 m and there is minimal contribution
from inner shelf features. Both shelves exhibit a distinct mode at 50-55 m and reach a
similar areal extent from the contributions of outer shelf features, although the
additional contribution of the mid-shelf basins around Lord Howe Island exceed those
of Balls Pyramid. Terrace-step patterns are similar, with multiple modes occurring from
65-80 and 95-110 m. Around Lord Howe Island, the shelf break is more distinct at 125
m depth, whereas it is more variable around Balls Pyramid at 115-150 m.
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Table 4.3 Zonal statistics for geomorphic features of Lord Howe Island and Balls Pyramid shelves. Depth range (R), average (Av), standard deviation (sd) and area
percentage (%) of the shelf.
Lord Howe Island Shelf
Shelf
Region
Inner

Balls Pyramid Shelf

Fringing reef

Depth
R (m)
0 - 35

Depth Av
± sd (m)
8±8

Slope R
(%)
0 - 65.5

Slope Av Area
± sd (%) (km2)
3.5 ± 4.4
6.5

Lagoon

0-9

2 ± 0.3

0 - 30.0

0.4 ± 1.3

4.0

0.8

-

-

-

-

-

-

Reef

0 - 53

26 ± 10

0 - 74.1

4.6 ± 4.9

30.6

6.0

0 - 40

32 ± 2

0 - 66.8

1.7 ± 2.8

5.6

2.2

Basins and channels

0 - 52

26 ± 9

0 - 47.1

2.4 ± 2.6

24.0

4.8

31 - 40

35 ± 1

0 - 9.8

0.9 ± 1.1

1.4

0.5

Upper Reef

20 - 52

32 ± 3

0 - 30.2

2.5 ± 2.5

68.8

13.7

20 - 50

35 ± 3

0 - 22.9

2.0 ± 2.0

24.8

9.5

Lower Reef

26 - 73

40 ± 4

0 - 30.5

1.5 ± 1.8

60.8

12.1

29 - 56

43 ± 4

0 - 17.2

1.6 ± 1.4

46.2

17.7

Inter-reef depressions

25 - 54

37 ± 4

0 - 16.3

1.1 ± 1.1

26.1

5.2

29 - 49

41 ± 4

0 - 12.5

1.2 ± 1.1

15.9

6.1

Basins and channels

21 - 66

46 ± 8

0 - 33.4

1.2 ± 1.8

67.1

13.3

31 - 57

46 ± 4

0 - 19.6

0.7 ± 1.0

25.1

9.6

Reef

39 - 79

53 ± 7

0 - 19.7

2.2 ± 2.1

17.0

3.4

41 - 73

53 ± 5

0 - 21.7

1.7 ± 1.7

10.8

4.1

Platform

30 - 79

54 ± 5

0 - 30.7

1.3 ± 1.6

100.5

19.9

36 - 124

54 ± 4

0 - 72.9

1.1 ± 2.1

72.7

27.9

Basins and channels

41 - 67

56 ± 5

0 - 20.8

1.2 ± 1.6

18.9

3.7

43 - 66

52 ± 4

0 - 10.8

0.8 ± 0.8

7.8

3.0

Terraces

45 - 188

87 ± 18

0 - 52.9

4.9 ± 5.5

79.6

15.8

47 - 237

92 ± 22

0 - 83.8

5.2 ± 6.2

50.4

19.3

Terrace steps (line)

45 - 180

79 ± 18

0 - 83.9

7.8 ± 6.3

-

-

47 - 197

80 ± 18

0 - 83.9

7.4 ± 6.2

-

-

Break

Shelf break (line)

89 - 186

133 ± 19

0.5 - 55.5 26.1 ± 7.3

-

-

84 - 243

133 ± 20

0.4 - 84.1

29.0 ± 14.4

-

-

Total

Shelf

0 - 188

49 ± 22

503.9

100

0 - 237

55 ± 21

0 - 84.3

2.1 ± 4.1

260.6

100

Mid
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Outer

Geomorphic Feature

0 - 84.9

3.1 ± 6.2

% of Depth R Depth Av
shelf
(m)
± sd (m)
1.3
-

Slope R
(%)
-

Slope Av ± Area
sd (%)
(km2)
-

% of
shelf
-

4.3.3.1 Inner shelf
Depth estimates derived from World View II satellite image greatly improved
the bathymetric resolution of the southeast shelf of Lord Howe Island. This region of
the shelf is difficult to access due to high exposure to swell and winds, and the previous
bathymetry data and subsequent geomorphic interpretations had been heavily
interpolated in this region (Figure 4.15). The satellite data were ideal for these
applications, and the new bathymetry model has substantially enhanced the detail of the
features inaccessible to vessel-based platforms. The pristine water clarity of this study
region enabled depth estimations down to 35 m, where typically depth is not derived
from satellite imagery beyond 20 m water depth (Gao, 2009).
The inner-shelf reefs around Lord Howe Island are substantially larger in area
(30.6 km2) and occur across a wider distribution of depths (average 26 ± 10 m)
compared to the Balls Pyramid inner-shelf reefs (5.6 km2 area, average depth 32 ± 2 m).
Complex reef systems with patchy, linear and massive morphologies occur around Lord
Howe Island, in contrast to the limited inner-shelf reefs which encircle Balls Pyramid.
The inner-shelf reefs around Lord Howe Island extend up to 4.2 km from the coastline,
whereas inner-shelf reefs occur within 1.5 km of the Balls Pyramid coastline. The
previously unmapped inner-shelf reefs around the southeast and south of Lord Howe
Island revealed a series of patch reefs and linear reef formations to the east, with a large
reef structure to the south of the island.
A series of linear reef systems appear around Lord Howe Island and are
interpreted by this study as drowned fringing coral reefs (Figure 4.15). Patch reefs
around the inner shelf are interpreted to comprise a mixture of fossil reefs and bedrock
outcrops. On the western inner shelf, between the mid-shelf fossil reef and the modern
fringing reef and lagoon, a dense network of patch reefs occur in 24-34 m, rising 10-20
m in relief from the basin floor at 42-47 m depth. To the east of Lord Howe Island, a
shore-parallel discontinuous linear reef, 5 km in length, up to 420 m in width and 4 m in
vertical relief, extends south from the Admiralty Islands to Muttonbird Island in 14-26
m depth. Extensive patch reefs extend east of the shore-parallel fringing reef,
surrounding Muttonbird Island and encroaching into the eastern mid-shelf basin.
Southeast of Muttonbird Island, Wolf Rock rises to the surface at a slope of 10-15° (up
to 22°) from a base around 35 m depth. Further east, shore-parallel patch reefs form an
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8 km chain which marks the outermost margin of inner-shelf reefs on the east shelf.
Along this chain, reefs rise to 20 m depth from the surrounding inner- and mid-shelf
basin floor in 30-58 m depth. On the northern shelf, smaller linear reef structures up to
2.4 km long, 140 m wide and up to 5 m in relief, occur in a sub-parallel formation in 1830 m depth. Shorter, elongate reefs up to 1 km in length occur on the southern inner
shelf in 27-35 m depth, with a large, consolidated reef adjoining the coastline in 0-22 m
depth beneath Mt Gower and Mt Lidgebird.

Figure 4.15 Lord Howe Island inner shelf: a) existing bathymetric model (Mleczko et al., 2010); b) new
bathymetry model; c) existing seafloor feature classification (NSW Marine Parks Authority 2010a); and
d) new geomorphic classification.
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4.3.3.2 Mid shelf
Mid-shelf fossil reef features including the upper reef, lower reef and inter-reef
depressions dominate both shelves. The 155.7 km2 mid-shelf reef around Lord Howe
Island is almost twice the area (180% larger) of the 86.9 km2 Balls Pyramid mid-shelf
reef, although the reefs comprise a similar proportion of shelf area at 30.9% for Lord
Howe Island and 33% for Balls Pyramid (Table 4.3). The Lord Howe Island reef forms
a barrier-type reef morphology which encircles the island with pronounced, large basins
distinctly separating the mid-shelf reefs from the inner-shelf reefs. The mid-shelf reef is
widest in the southeast (5.9 km) and southwest (4.8 km) and extends closest to the shelf
break (<400 m) along the western rim. The mid-shelf reef around Balls Pyramid instead
forms a platform-type morphology with basins that only partially intersect the reef
structure. The reef is similarly widest on the southwest shelf (5.2 km) where it extends
to within 500 m of the shelf break.
Large forereef buttresses occur on the southern seaward rim of the Lord Howe
Island mid-shelf reef, reaching 5-6 m in height, 50-430 m in width and 470-800 m in
length. The magnitude of these buttresses is substantially larger than the 1-4 m high
forereef buttresses observed elsewhere along the remaining rim of the Lord Howe Island
mid-shelf reef and the Balls Pyramid mid-shelf reef (Figure 4.16a-c). The larger size of
the southern-rim forereef buttresses indicates the southern reef was exposed to
significantly higher energy conditions prevailing from due south.
The southwest shelves are interpreted as the windward setting and the northeast
shelf the leeward setting. Basins are prominent on the northern, eastern and southern
mid shelves with western shelf basins reduced in size around Lord Howe Island and
absent on the Balls Pyramid mid shelf. Basin and channel networks dissect the eastern
and northern mid-shelf reefs around Lord Howe Island and Balls Pyramid and connect
to outer-shelf channel systems. Steep margins are commonly observed on the inner-reef
rim adjoining the basins on both shelves. The basin rims around Lord Howe Island have
gradients up to 30° on the eastern basin and up to 22° observed on the eastern basin rim
of Balls Pyramid (Figure 4.16d, e). At the base of the reef rim on the southern mid-shelf
reef (25°), low profile, sand inundated reef is evident from the satellite imagery and
backscatter (Figure 4.1, Figure 4.15). The evidence of steep basin rims with sandinundated low-profile reef on the basin floor suggests the basin morphology may reflect
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karstification processes, as described in Chapter 3. The steeper basin rims and greater
extent of mid-shelf basins around Lord Howe Island (67.1 km2 around Lord Howe
Island; 25.1 km2 around Balls Pyramid) likely reflect the greater volume of water
drainage from the larger shelf system during periods when the paleochannels were
active and when the shelves were exposed.
4.3.3.3 Outer shelf
The outer-shelf platform encompasses a large proportion of shelf area for both
the Lord Howe Island (100 km2; 20%) and Balls Pyramid (72.7 km2; 28%) shelves. It is
widest on the southwestern (11.3 km) and northeastern (7.8 km) section of the Lord
Howe Island shelf and the southern section of the Balls Pyramid shelf (3.6 km). It is
narrowest (<50 m) on the western side of both shelves where the mid-shelf reefs extend
close to the shelf break. The leeward northeast shelves are characterised by basin and
channel networks. As described from the sub-bottom profiles presented for the Balls
Pyramid northeast shelf in Chapter 3, submerged paleochannels appear to have fed
sediment off the shelf edge when the shelf-reefs were active and during periods of shelf
exposure. These processes are similarly inferred for the Lord Howe Island shelf. Patch
reefs are more prominent on the northeast shelves whereas sub-parallel, linear reefs are
more typical of the southern outer-shelf platforms.
Terraces are evident along the outer shelf rim of both shelves, predominantly
occurring at 65-110 m depth, with a similar average depth (87 ± 18 m for Lord Howe
Island; 92 ± 22 m for Balls Pyramid) and average terrace-step depth (79 ± 18 m) for
Lord Howe Island; 80 ± 18 m for Balls Pyramid). Terraces appear most separated on the
gentler-gradient northern and southern shelves, and conjoin along the steeper-gradient
eastern and western shelves. The most distinct terrace-step sequences are observed on
the northwest shelf region (Figure 4.16f, g). These appear more clearly defined on the
Lord Howe Island shelf, occurring at 50, 57, 63 and 69 m with a raised rim of 0.5-1 m.
On Balls Pyramid, steps occur at 55, 60 and 63 m with a raised rim of <0.5 m. The shelf
break occurs at the same average of 133 m around both shelves (± 19 m for Lord Howe
Island and ± 20 m for Balls Pyramid).
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Figure 4.16 Hillshaded bathymetry and cross-sectional profiles of: a) southern forereef buttressese of Lord Howe Island (LHI); b) eastern forereef buttresses of LHI; c)
eastern forereef buttresses of Balls Pyramid (BP); d) steep rim of eastern basin of LHI; e) steep rim of eastern basin of BP; f) terraces on northeast outer shelf of LHI;
g) terraces on northeast outer shelf of BP.

4.4 Discussion

4.4.1

Holocene evolution
Drill cores extracted from the surface of the fossil reef around Balls Pyramid

revealed that accretion occurred during the Early Holocene (10.1-8.8 ka), concurrent
with the first phase of Holocene accretion around Lord Howe Island. The age-depth
relationship of the dated coral samples fit within trends observed elsewhere in the IndoPacific (Figure 4.17). The outer shelf coral sample (9.7 ka, 42RC08, 72 m depth) is an
outlier to the trend, and may represent mesophotic coral growth or detrital material
transported off-shelf as sea level rose. The fossil reef around Balls Pyramid appears to
have ‘given up’ at the end of the Early Holocene and its discovery marks the new
known southernmost extent of Holocene coral reef expansion in the Pacific Ocean.
Conversely, coral accretion around Lord Howe Island backstepped with rising postglacial sea level and retreated landward to form the modern reef (Kennedy and
Woodroffe, 2000; Woodroffe et al., 2010). Cores extracted by Kennedy and Woodroffe
(2000) from the lagoon and fringing reef show sedimentation initiated at 6.5 ka, when
sea level stabilised to present levels, with rapid infill and accretion occurring until the
reef crest formed at 4 ka.
During the Last Glacial Maximum (LGM, 30-19 ka), the Lord Howe Island and
Balls Pyramid shelves were exposed as sea level was approximately 125 m below
present levels (Figure 4.17). The depth of the shelf break (115-150 m) and terraces
which mark the outer rim (65-100 m) are associated with low sea-level stands during
the last glacial and preceding glacial periods. The disintegration of the Northern
Hemisphere ice sheets at the end of the LGM resulted in eustatic sea-level rise, with
regional variation in the precise sea-level signature due to glacio- and hydro- isostatic
adjustments (Lambeck et al., 2012; Renssen et al., 2012). For the Indo-Pacific, rapid
post-glacial sea-level rise had stabilised by the Mid Holocene (Figure 4.17), while the
Caribbean experienced a more gradual rise throughout the Holocene (Woodroffe and
Webster, 2014).
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Figure 4.17 Balls Pyramid (red triangles) and Lord Howe Island (blue squares = Woodroffe et al. (2010)
and blue triangles = new data presented in this chapter) core data plotted with ages from the Great Barrier
Reef outer-shelf reefs (Abbey et al., 2013), Bonaparte Gulf (Yokoyama et al., 2001), Sunda shelf
(Hanebuth et al., 2000) and New Guinea (Chappell and Polach, 1991).
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Inundation of the outer-shelf terraces, reefs and platforms around the Balls
Pyramid and Lord Howe Island shelves occurred when sea levels rose from ~110 m
below present sea level at ~15 ka to ~50 m below present by ~11 ka. In the tropical west
Pacific, paleoclimate proxies of sea-surface temperature (Mg/Ca isotope ratio)
reconstructed from foraminifera indicate a rapid warming of sea-surface temperature at
12-11 ka, which strengthened trade winds and caused the East Australian Current
(EAC) to extend further south along the Australian coast (Bostock et al., 2006). The
Tasman Front shifted from its position during the glacial at 23°-26° S and moved south
toward its current position (Bostock et al., 2006). The formation of the sub-parallel
outer-shelf reefs along the rim of the outer-shelf platform (45-56 m depth) may be
associated with this early inundation. These outer-shelf reefs were interpreted in
Chapter 3 to have developed as dunes or coral reef systems, as observed elsewhere on
the Australian continental shelf (e.g. Nichol and Brooke, 2011; Abbey et al., 2013). The
morphology of the reefs and the coral fragments present within the terrace drill core
supports coral reef origins.
Relatively warm conditions persisted from 11-5 ka, referred to as the Holocene
Thermal Maximum (HTM, Renssen et al., 2012), and coral reefs flourished globally
(Perry and Smithers, 2011; Precht et al., 2014). Onset time and intensity of the HTM
varied around the globe and oscillations occurred within the general warming trend
(Renssen et al., 2012; Woodroffe and Horton, 2005). Between 11-5 ka ocean circulation
and climate were approaching near modern conditions in the southwest Pacific (Bostock
et al., 2006). Sea-level records from the southeastern Australian mainland indicate sea
level rose from 15-11 m below present from 9.4-9 ka (Sloss et al., 2007). By 9 ka, the
Balls Pyramid shelf (77% in 30-60 m depth) was inundated and substantial coral
accretion took place up to 8.8 ka. Simultaneously, coral reefs developed on the
adjoining Lord Howe Island mid shelf (9-7 ka), Elizabeth and Middleton Reefs
(Woodroffe et al., 2004) and elsewhere around the Australian mainland as the
continental shelf was inundated (Collins et al., 1993; Harris et al., 2008b; Twiggs and
Collins, 2010; Abbey et al., 2013).
The Balls Pyramid reef appears to have ‘given up’ at the end of the Early
Holocene when sea level rose close to modern levels leaving the reef submerged in over
30 m of water. The absence of remnant shallow deposits from previous interglacials,
such as Marine Isotope Stage (MIS) 5e, meant the reef was unable to backstep. The
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timing of reef demise corresponds to the 8.2 ka Melt Water Pulse (MWP) which is a
period of abrupt sea-level rise and cooling temperatures associated with ice-melt
outflows from the North Atlantic proglacial lakes (Montaggioni and Braithwaite, 2009;
Woodroffe and Webster, 2014). This event has been a suggested cause for the cessation
of growth in the submerged reefs in the Gulf of Carpentaria (Harris et al., 2008b). The
8.2 ka MWP event, followed by the continued rise in sea level and the lack of shallowwater substrate (<1% of the shelf in <30 m water, Chapter 3), likely contributed to reef
demise.
The mid-shelf reef around Lord Howe Island continued to accrete throughout the
8.2 ka MWP event and Early Holocene sea-level rise. An apparent hiatus occurs on
mid-shelf reef from 7-2.9 ka, though more precise chronology is required to resolve if
this is real or an artefact. From 7 ka onwards, dominant reef accretion backstepped
landward and formed the modern fringing reef and lagoon system atop foundations of
Pleistocene reef and calcarenites (Kennedy and Woodroffe, 2000; Woodroffe et al.,
2010). The modern fringing reef established from 6.2 ka, shortly after the stabilisation
of sea level at 6.5 ka, and accreted to form a crest at up to 5 ka with a reduction in
accretion from 5 ka onwards (Kennedy and Woodroffe, 2000). This coincides with the
formation of reef crests at atoll-like Elizabeth and Middleton reefs to the north
(Woodroffe et al., 2004). The trend of prolific Mid Holocene accretion during the
transgression and reduction with sea-level stabilisation is recorded in the accretionary
history of reefs elsewhere around Australia (Collins et al., 1993; Twiggs and Collins,
2010; Leonard et al., 2013).
By 5 ka, the onset of modern EAC patterns was achieved in this region (Bostock
et al., 2006). As the fringing reef continued to accrete (Kennedy and Woodroffe, 2000),
the mid-shelf reef concurrently experienced a second phase of accretion at 2.9-2.4 ka
(Figure 4.12), which occurred as mesophotic growth while the reef was submerged by
~30 m of water. This growth appears in several drill cores on the northern and western
mid-shelf reefs (14RC01; 15RC01, 15RC02). Initiation of Late Holocene accretion
appears to be patchy across the fossil reef surface and seems to correspond to
topographical peaks on the inner rim of the mid-shelf reef.
Evidence of mesophotic Holocene accretion was similarly found along the shelf
edge reefs of the Great Barrier Reef in two phases of growth: from 7.8 ka to present in
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45-70 m depth and 13-10.2 ka at 85-130 m depth (Abbey et al., 2013). The discovery of
mesophotic coral growth in fossil reefs (Abbey et al., 2013; Precht et al., 2014), as well
as present-day reefs (Kahng et al., 2014), complicates the application of coral reef
records for sea-level reconstruction. The upper depth boundaries of coral reef formation
within the paleo-record remain useful as sea-level indicators, although the lower depth
boundaries of coral reef formation may be much wider than previously anticipated.

4.4.2

Pleistocene foundations
Corals dated from 10.1 ka to modern age were extracted from the upper 1-3 m

(recovered depth 0.4-2 m) of the mid-shelf fossil reef surfaces around Balls Pyramid
and Lord Howe Island. It is inferred that Holocene growth initiated at the start of shelf
inundation from 15 ka onwards, and therefore the thickness of Holocene growth likely
extends beneath the recovered cores. As the mid-shelf reefs rise from basal depths of
50-60 m up to 20-30 m, it seems likely that Pleistocene deposits occur beneath the
Holocene reef growth as the interstadial periods throughout the Pleistocene commonly
occurred around the 30-60 m depth interval (Figure 3.9, Chapter 3).
In order to infer the depth to Pleistocene material around the Balls Pyramid and
Lord Howe Island mid-shelf fossil reefs, we can look to the accretionary history of the
shallow reefs along the Lord Howe chain, and submerged reefs elsewhere around the
Australian margin. A core extracted by Kennedy and Woodroffe (2000) close to the
shoreline along the Lord Howe Island lagoon is the only core to have recovered the
foundations beneath the Holocene reef. The stratigraphy reveals 1-2 m of Holocene
sediment at the core top, followed by several metres of MIS 5a calcarenite, 6.5 m of
Pleistocene reef and calcarenite, with a volcanic basalt base at 10.8 m (Kennedy and
Woodroffe, 2000; Kennedy et al., 2007). The depth to Pleistocene foundations is at least
10 m on the reef crest of the fringing reef around Lord Howe Island (Kennedy and
Woodroffe, 2000). At Elizabeth and Middleton Reefs, inferred Pleistocene reef was
recovered 8 m beneath Holocene reef (Woodroffe et al., 2004). Along the Great Barrier
Reef, depth to Pleistocene reefs occur around 15-25 m (Hopley et al., 2007) and 28-33
m beneath the submerged reefs of the Gulf of Carpentaria (Harris et al., 2008b). The
thickness of Holocene reef accretion around the Balls Pyramid shelf is unlikely to
exceed the recordings north along the Lord Howe chain and in the tropics. Therefore the
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thickness of Holocene material can be constrained to less than 8 m, and is likely to be
only several metres in thickness.
The thickness of Holocene soft-sediment accumulation in the mid-shelf basins
around Balls Pyramid is inferred from sub-bottom profiling, which detects a preHolocene surface at 5-16.5 m below the seafloor (Chapter 3). This surface was similarly
detected up to 25 m beneath the seafloor from sub-bottom profiles in the Lord Howe
Island mid-shelf basins (Linklater, 2009). In the shallow-water lagoon of Lord Howe
Island, the pre-Holocene surface was interpreted at 5-25 m below the seafloor (Kennedy
and Woodroffe, 2000) and 8-12 m in the Middleton Reef lagoon (Woodroffe et al.,
2004).
An alternative hypothesis on the pre-Holocene foundations was suggested by
Woodroffe et al. (2005), who suggested the origin of the Lord Howe Island mid-shelf
reef may be calcarenites with a veneer of Holocene give-up reef (Woodroffe et al.,
2005). Eolianites were deposited on the land around Lord Howe Island during
interglacials and interstadials of MIS 7 and 5, and extend several metres below sea level
(Brooke et al., 2003). The carbonate sediments may have been sourced from the
shelves, becoming redeposited as dunes during interstadials (Woodroffe et al., 2005).
As the Balls Pyramid shelf is now known to have a similar capacity for carbonate
production, it could be the case that calcarenites were deposited on the mid shelf when
sea level fluctuated between 50-100 m, such as during the interstadials of MIS 3-4 and 6
(Figure 3.9, Chapter 3). Linear ridge formations on the surface of the southwest midshelf reef were described in Chapter 3, and these sub-parallel ridges may represent
karstified coral reefs as discussed above, or alternatively, dune formations. Core
20RC04 extracted from a linear ridge feature experienced 95% core loss, with cemented
carbonates of indeterminable origin recovered. Adjacent cores (18RC02 and 19RC03)
recovered from the surrounding higher-relief reef comprised Holocene and modern
coral framework-dominated units. The unconsolidated sands inferred from the core loss
do little to resolve feature origins as they may represent loosely compacted dune sands
or detrital sands deposited from Pleistocene reef erosion during exposure.
Further research is required to determine the pre-Holocene origins. Deeper drill
coring (>5 m) may penetrate to the pre-Holocene material, though the challenge is
recovering material suitable for dating. The porous nature of coral framework in
78

subtropical areas result in more erodible material, and such porosity has been described
in the coral extracted from Elizabeth and Middleton Reefs (Woodroffe et al., 2004). It is
therefore difficult to obtain pre-Holocene material adequate for dating.
Utilising the core data presented and drawing upon the Lord Howe Island
shallow-water analogue, it is inferred that the shelf reef morphology reflects basal reefal
substrates that may have accreted during previous Pleistocene highstands when the shelf
was inundated, with reworking of highstand carbonates during sea-level lowstands. PreHolocene deposits likely accumulated during interstadials of MIS 3-4 and the
transgression of the Last Interglacial (Figure 3.9, Chapter 3). Holocene accretion
subsequently occurred atop the topographical highs of antecedent topography, though
accreted sufficiently to form its own distinctive morphology. Quantifying the age and
composition of the foundations beneath the Holocene reef has important implications
for the time at which the shelf transitioned into habitat suitable for growth of coral reefs.

4.4.3

Geomorphic comparison
The availability of accommodation space is a key factor differentiating the

morphology of the two shelves. On the outer shelf, where there was ample
accommodation space on the outer-shelf platform, the outer-shelf reefs form to a similar
magnitude. Terraces occur at similar depth intervals and are associated with raised rims
(0.5-1 m) on top of terrace steps. On the mid shelf, both shelves possess fossil reef
systems with paleolagoons and channels. There are similarities in the morphology and
configuration of reef and basin features across the shelves, though the vertical and
horizontal extent of features on Balls Pyramid is reduced compared to Lord Howe
Island. The greatest differences in shelf geomorphology occur on the inner shelf, where
Lord Howe Island has ample shallow substrate (12%) compared to Balls Pyramid
(<1%). The larger size of the shelf and thus the original formative volcano of Lord
Howe Island, translates to larger island remnants that remained after shelf planation.
Eolianites overlie the volcanic deposits on Lord Howe Island and extend several metres
beneath the island coast, which likely facilitated reef growth through the provision
shallow substrates and the large island size presumably provided greater shelter from
exposure. In contrast to Lord Howe Island, the Balls Pyramid shelf possesses minimal
shallow inner-shelf substrates (<1%) and the steep pinnacle provides little shelter from
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high wind and wave energies. Although the areal extent of shelf features are reduced in
comparison to Lord Howe Island, substantial reef accretion is evident on the Balls
Pyramid shelf and it is by no means beyond the limits of reef formation.
Seafloor habitat mapping is an important first step for marine spatial planning
and fisheries management (Shumchenia and King, 2010). The high-resolution
bathymetry model and geomorphic characterisation produced in this study feed directly
into the management needs identified by marine park managers (NSW Marine Parks
Authority, 2010a). These macro-scale classifications of geomorphic features fits within
the hierarchical framework of biome and provincial characterisations of the seafloor and
biogeography previously undertaken for this region (Harris et al., 2008; Przeslawski et
al., 2011; Harris et al., 2014).

4.4.4

Subtropical coral reef development
Carbonate composition in subtropical settings is typically dominated by non-

coral carbonates and a greater calcarenite component, rather than the coral-dominated
composition of optimal, tropical settings (Lees and Buller, 1972; Vacher and Quinn,
1997). Sedimentological studies of the Balls Pyramid shelf and flanks have described
high concentrations of coralline algae, foraminifera and molluscs, which are typically
associated with temperate environments, with minor contributions from tropicalassociated corals (Kennedy et al., 2002; Kennedy et al., 2011). Drill core data collected
around the Balls Pyramid shelf was expected to show higher proportions of coralline
algae than coral, due to its southern position. Surprisingly, the thick units of coral
framework extracted from the shelf reefs are distinctly tropical, and form the first record
of coral-dominated accretion south of Lord Howe Island. The common occurrence of
coralline algae and shell fragments within sands and gravels demonstrate the temperate
influences, though to a lesser extent.
The Holocene coral reef discovered around the Balls Pyramid platform marks
the highest latitude known for Holocene reef growth in the South Pacific Ocean
(Woodroffe et al., 2010). Prolific carbonate production and coral reef accretion apparent
during Early Holocene supports mounting evidence that coral reefs are more productive
and robust at higher latitudes than previously realised (Collins et al., 1993; Woodroffe
et al., 2010). The vertical extent of reef accretion is comparable to the ~5 m of accretion
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measured at the northern limits in Japan (Yamano et al., 2012) and the 1-3 m of
accretion recorded on the Lord Howe Island fossil reef (Woodroffe et al., 2010).
Although it is reduced compared to the accretion of up to 40 m at the southern
extremities along Western Australia (Collins et al., 1993; Collins et al., 1996), the
thickness and age of Holocene growth on the Balls Pyramid mid-shelf is similar to the
mid-shelf reef around Lord Howe Island. Had there been suitable substrate at the
appropriate elevation around the Balls Pyramid shelf, as occurred around Lord Howe
Island, then the reef would have likely backstepped with rising sea level. While the
coral accretion around Balls Pyramid is considered substantial for its southerly location,
the rate of vertical accretion was ultimately not fast enough to vertically track sea-level
rise.
Both reefs continue to support a thin veneer of modern corals as indicated from
drill cores and bottom photographs presented in this study and previous underwater
video footage (Speare et al., 2004). As technology permits greater exploration of deeper
waters, mesophotic habitats are being increasingly shown to support diverse coral
communities and higher than expected coral cover (Kahng et al., 2014). Similar to our
knowledge of the geographical limits to reef growth, our understanding of the depthlimits to optimal coral growth is being challenged and expanded. The availability of
substantial submerged reefs in mesophotic depths may provide suitable substrate for
extant and potentially expanding coral communities (Harris et al., 2013). Further
investigations are required to investigate the current role of these deeper reefs in
supporting present-day coral growth and assess their future role in supporting
potentially increased coral populations.
The evidence of Holocene coral reef accretion around Balls Pyramid reveals the
capacity for substantial coral reef growth in regions perceived to be beyond the limits of
coral reef formation. These findings have critical implications for the global distribution
of past coral reefs in response climate changes, and thus the potential for reefs to expand
under future sea-surface temperature warming.
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4.5 Conclusions
The key findings of this chapter are as follows:
1. Submerged fossil reefs around Balls Pyramid accreted during the Early
Holocene (10.1-8.8 ka)
2. Accretion occurred concurrently with the first phase of Early Holocene growth
around Lord Howe Island (9-7 ka)
3. Fossil reef demise occurred around Balls Pyramid at the end of the Early
Holocene, unable to backstep landward to keep pace with sea-level rise, as
occurred around Lord Howe Island
4. The mid-shelf reef around Balls Pyramid is approximately half the area of the
Lord Howe Island mid-shelf reef, although represents a similar proportion of
shelf area (approximately one third)
5. The morphology, size, configuration and depth distribution of outer shelf
features are most similar between the two shelves, and are most dissimilar for
inner shelf features
6. The discovery of Holocene growth on the southern Balls Pyramid shelf marks
the new known southernmost extent of Holocene reef accretion in the Pacific
Ocean
7. The evidence of poleward reef expansion builds on our understanding coral reef
response to climate and sea level variation at the latitudinal limits.
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5

Chapter 5

High coral cover on a mesophotic subtropical island shelf at the
limits of coral reef growth

5.1 Introduction
It has been hypothesised that coral populations may be protected from adverse
climate-change impacts in areas termed ‘refugia’ (Glynn, 1996; Riegl and Piller, 2003).
Climate refugia for corals are suggested to occur in mesophotic depths (30-150 m
depth) and higher latitude locations as they may be somewhat buffered from impacts
such as increased sea-surface temperatures and storm activity (Glynn, 1996; Riegl and
Piller, 2003; Bongaerts et al., 2010; Slattery et al., 2011; Couce et al., 2013). Responses
to changes will be spatially heterogeneous, and suitability to act as refuge environments
will depend on regionally specific, ecosystem-scale responses to changes in climate
condition (Pandolfi et al., 2011).
In addition to acting as refugia, higher latitude regions may further support
increases to coral populations as warming, intensifying ocean currents transport coral
larvae poleward, which may ultimately lead to the latitudinal expansion of coral reef
ranges. Range expansions of modern corals have been documented in both the North
and South Pacific Ocean (Yamano et al., 2011; Baird et al., 2012) and in the western
Atlantic Ocean (Precht and Aronson, 2004). At the world’s highest latitude reefs in
Japan, the range extension of corals have been measured at rates up to 14 km/yr
(Yamano et al., 2011). Predictive modelling of future climate scenarios suggests higher
latitude regions may support coral reef range expansions where suitable substrate and
light conditions are available (Couce et al., 2013; Freeman, 2015; Muir et al., 2015).
The discoveries of extensive coral populations at mesophotic depths and in
higher latitude regions are challenging long-held perceptions of the ‘known’
geographical and depth distributions of corals (Celliers and Schleyer, 2008; Hinderstein
et al., 2010; Thomson and Frisch, 2010; Kahng et al., 2014). Coral reef research has
historically focused disproportionately on shallow, tropical reef ecology and knowledge
of subtropical and mesophotic reef environments is comparatively limited (Menza et al.,
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2008; Venn et al., 2009; Rooney et al., 2010; Kahng et al., 2014). Few studies have
focussed on the combination of mesophotic reefs in higher latitude environments (Venn
et al., 2009; Rooney et al., 2010) and there is opportunity to investigate the role of these
regions in providing potential substrates for future coral range expansion and refugia.
The shallow reefs around Lord Howe Island have been identified as potential
refugia as the region may benefit from warmer waters delivered by the intensifying East
Australian Current (EAC, Hoey et al., 2011; Dalton and Roff, 2013; Keith et al., 2015).
Decadal changes in community composition in relation to recent increases in seasurface temperature suggest the shallow reefs around Lord Howe Island are relatively
stable and may provide limited refuge potential for tropical coral populations (Dalton
and Roff, 2013). However, the refuge capacity may be confounded by vulnerabilities to
bleaching (Harrison et al., 2011), reduced linear extension rates (Anderson et al., 2015),
low recruitment success (Hoey et al., 2011; Keith et al., 2015) and high macroalgal
cover (Hoey et al., 2011). The mesophotic platforms surrounding Lord Howe Island and
Balls Pyramid are known to support hard corals (Speare et al., 2004; Chapter 4)
although their potential role as future coral habitat has not yet been investigated.
The evidence of past southern range expansion of coral reefs to the Balls Pyramid
shelf presented in Chapter’s 3 and 4 reveal the capacity of this subtropical shelf to
support substantial coral reef development. The fossil reefs occur at mesophotic depths
of 30-100 m and may provide suitable substrate for modern mesophotic coral
ecosystems. Knowledge of extensive past reef accretion and the intensification of the
EAC highlight the importance of this locality at the critical threshold of coral reef
formation. This chapter aims to: 1) explore the distribution of modern coral populations
on the fossil reefs around the Balls Pyramid shelf; 2) quantify the composition of
mesophotic benthic communities; 3) explore the relationship of modern benthic
communities to the underlying geomorphology; and 4) identify the environmental and
oceanographic variables driving the spatial distribution of benthic communities. This
new information will contribute to the assessment of the potential capacity of the
mesophotic shelf to act as coral refugia or expansion substrate. It will also assist in
determining potential vulnerability of benthic communities, at the limits of their
latitudinal and depth distribution, to the impacts of warming ocean surface
temperatures.
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5.2 Methods
5.2.1

Still image analysis
Underwater images were collected using the Geoscience Australia Shallow

Underwater Camera Model 2 towed video system (Appendix 8), deployed from the
Marine National Facility R.V. Southern Surveyor during a voyage in February 2013
(SS2013_v02). The system was equipped with downward-facing high-resolution stills
camera (Nikon D700 SLR; images captured at 5 second intervals), continuous forwardfacing standard-definition video, dual lights and Ultra Short Baseline (USBL)
positioning. Cameras were operator controlled and towed approximately 1 m from the
seafloor at 1–1.5 knots. The camera system was deployed along 15 transects (269-1,417
m in length) and collected a total of 4,638 still images in 30-115 m water depth (Figure
5.1). A flow chart outlining the data subsampling and analyses described below is
presented in Figure 5.2.
Images were corrected with Adobe Photoshop CS6 to enhance brightness.
Timestamped still images were georeferenced with USBL positional information in
HoudahGeo v4.0.1 and the image coordinates were imported as point shapefiles into
ESRI ArcGIS v10.1. To account for spatial autocorrelation, the georeferenced image
points were sub-set at 10 m intervals which equates to approximately 15-20 seconds of
footage (Figure 5.2). Point locations were converted to lines shapefiles and ET
Geowizards v11.1 ‘Station Points’ tool was used to create 10 m-spaced points along the
transect. These station points were spatially joined to the image locations to create a
sub-set of 1,381 images at approximately 10 m intervals.
Images were scored for benthic organisms and substrates using a 25 point grid
overlay (34,525 points) in SeaGIS Transect Measure v2.31. Attached benthic organisms
were documented in this study, with the addition of sea urchins due to their influence on
habitat (Valentine and Edgar, 2010). Substrate was recorded where no biota were
visible. The organism/substrate beneath each point was recorded, with cover calculated
as the number of points for each category divided by 25. Terms for benthic organisms
and substrates conform to CATAMI, which is a hierarchical, morphology-based
classification system developed to standardise nomenclature of underwater image
analyses (Althaus et al., 2013). The hierarchical classes of CATAMI were adapted for
this study into two levels, which include a lower-level category of organism/substrate
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‘type’ (e.g. stony corals, sand) and a higher-level category of ‘morphology’ (e.g. stony
corals-encrusting, sand-waves), with a full list of categories provided in Appendix 9.
‘Stony’ and ‘scleractinian’ coral terms are used interchangeably. Under the CATAMI
framework, ‘Black and octocorals’ are a combined class described by morphology (e.g.
fan). A small number of organisms remain unidentified due to difficulties with
interpretations from still imagery, and stony corals may have been on occasion
misclassified as octocorals when they had extended polyps.
Depth distributions of key organism and substrate morphologies were examined
using box plots and benthic composition were summarised in 10 m depth intervals.
Depth values were extracted from the bathymetry model produced in Chapter 3 and
were attributed to each classified point. All classified point data were used to explore
trends in depth zonation to remove any a priori assumptions of where organisms may
be distributed. Mesophotic coral ecosystems (MCEs) were described as Upper (30-60 m
depth) and Lower (>60 m depth) mesophotic zones to align with global descriptions of
MCEs (Slattery et al., 2011; Kahng et al., 2014). Definitions of terms used in this study
are shown in Table 5.1.
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Figure 5.1 Location of tow data collected around the Balls Pyramid shelf. Colour scheme stretched from
0-100 m depth, with depth contours at 200 m intervals shown beyond 100 m depth.
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Figure 5.2 Flow chart indicating processing steps for still image analyses, habitat classification and
exploratory testing of relationships to geomorphology and environmental variables. Data were classified
into three community levels: organism type, organism morphology and habitat class.

Table 5.1 Definition of terms used in this study.
Feature
Definition
Reef
A mass (or group) of rock (s) or other indurated material lying at or
near the sea surface that may constitute a hazard to surface
navigation
Coral reef
A tract of corals growing on a massive, wave resistant structure and
associated sediments, substantially built by skeletons of successive
generations of corals and other calcareous biota
Coral
Any benthic community with a hard coral component, whether reefcommunity
forming or otherwise
Mesophotic
Characterized by the presence of light-dependent corals and
coral
associated communities that are typically found at depths ranging
ecosystem
from 30 to 40 m and extending to over 150 m in tropical and
subtropical regions
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Reference
IHO (2008)

Done (2011)

Harriott and
Banks (2002)
Hinderstein et
al. (2010)

5.2.2

Habitat classification for Balls Pyramid mesophotic shelf
Habitats were defined using a clustering approach of organism/substrate type

abundance data, with all classified points included to ensure the full coverage of data is
captured. Clustering was performed in PRIMER v6 with PERMANOVA+ add-on
(Anderson et al., 2008; Clarke, 1993). Organism data were imported as abundance
counts, square root transformed and a Bray-Curtis Similarity Resemblance Matrix
produced. A SIMPROF test was applied to determine the significance of the cluster
separation. At 65% resemblance, 19 significant groups were defined and these were
manually refined to 10 distinct habitat categories upon visual inspection of the still
images assigned to each cluster. A one-way Similarity Percentage (SIMPER) was
subsequently performed on the habitat categories in order to determine within-group
similarity and the organisms/substrates that contribute most to variation between
groups. Shannon’s Diversity Indices were calculated on morphology-level data for each
image using the DIVERSE tool in PRIMER. The average and maximum diversity
values for each habitat were reported.

5.2.3

Relationship to geomorphology
Benthic data were related to the geomorphic features of the Balls Pyramid shelf

presented in Chapter 3 to explore the role of seafloor geomorphology in structuring
organism and habitat distributions. A Permutational ANOVA (PERMANOVA) was
performed in PRIMER to test the hypothesis of whether community distributions were
significantly different across geomorphic features, with the null hypothesis (H0) stating
no difference in benthic composition for different features. PERMANOVA is a nonparametric method which produces a Pseudo-F distribution by comparing randomised
permutations of the data to the real order of the data, relative to the groups being tested.
Larger Pseudo-F statistics are produced when greater group effects occur. A
significance level (p) is also reported.
As tow length varied significantly around the shelf and often crossed multiple
geomorphic features, the original tows were divided into equal segments which were
extracted over consistent geomorphic features and treated as new sites (Figure 5.3).
Equal segments of 10 images (approximately 100 m in length) were manually extracted
within consistent geomorphic features using ArcGIS v10.1 to create 57 new sites.
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Adjacent segments were spaced at least 50 m apart and geomorphic feature boundaries
were avoided to minimise capturing transition zones. For Sites BP-OR1, BP-OR4 and
BP-OT5, only 7-8 images were extracted due to the narrow geometry of the features.
Each geomorphic feature was replicated in at least one other tow location, except for the
outer-shelf basin category which only occurred in one tow and was therefore excluded
from analyses. To ensure the unbalanced nature of the design did not affect the
PERMANOVA outcome; analyses were repeated with a balanced designed which tested
a random selection of 3 sites per geomorphic unit.
PERMANOVA analyses were performed at three community levels: 1)
Organism/substrate morphology; 2) Organism/substrate type; and 3) Habitat class.
Organism/substrate type and morphology were imported into PRIMER as abundance
counts and square root transformed and habitat classes were imported as
presence/absence data. Bray-Curtis Similarity Resemblance Matrices were produced for
all community levels. Geomorphology remained a fixed factor as it is the group being
tested. Sites were nested within the geomorphic features and were treated as a random
variable due to the nested nature of the design. PERMANOVA analyses were
performed on each community level as a Main test, with Type III (partial) sums of
squares, using an unrestricted permutation of raw data method with 9,999 permutations.
A pair-wise PERMANOVA was additionally performed on the organism/substrate type
data to test the significance of differences between each geomorphic unit, and was run
as an unrestricted permutation of raw data (9,999 permutations).
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Figure 5.3 New site locations extracted from tow transects as equal segments over consistent geomorphic
features around Balls Pyramid. Site location ID prefixed with the shelf label “BP”.
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5.2.4

Relationship to environmental variables
Benthic community data were related to environmental variables to determine

the factors driving the spatial distribution of biota. Terrain variables were derived from
the bathymetry model (5 m cell size) using the tools and parameters outlined in Table
5.2. Slope, rugosity, range, standard deviation, curvature and Bathymetric Position
Index (BPI) are measures of surface complexity. Structurally complex topography can
provide increased surface area available to colonising organisms and can create
localised bedflow effects (McArthur et al., 2010). Euclidean distance from land and the
shelf break were included as surrogates to capture trends that may relate to nearshore
processes around the island, such as wave action, and processes occurring around the
shelf break, such as upwelling. Aspect was included as a surrogate for exposure to longterm current trends (e.g. Ierodiaconou et al., 2011). As aspect is a circular measure it
needed to be transformed to a linear measure prior to correlation analyses. This was
achieved by calculating the Sine of the aspect values (in radians) to represent ‘eastness’
(where +1 is due east and -1 is due west) and calculating the Cosine to represent
‘northness’ (where +1 is due north and -1 is due south). Mean linear direction was
calculated using ArcTan2 multiplied by the ratio of the Sine/Cosine sum as outlined in
Jammalamadaka and SenGupta, 2001).
Oceanographic variables were included into this study in the form of current
velocity information acquired from an onboard RDI os75 Acoustic Doppler Current
Profiler (ADCP) which operated during the R.V. Southern Surveyor voyage in 2013.
Hydrodynamic regime can influence coral morphology, for example branching
morphologies are more typically associated with sheltered conditions and encrusting
morphologies more commonly occur in higher energy settings (Stoddart, 1969;
Chappell, 1980). The functionality of the ADCP unit was reduced due to the concurrent
operation of the TOPAS sub-bottom profiler, which required the system to be operated
in externally triggered mode. Furthermore, the unit is designed for deeper-water
operation and therefore data is patchy over the shelf region. Depth-binned eastward (u)
and northward (v) values were attributed to the closest image location, matching the
appropriate depth interval where the data were available. In some cases, only shallow
data were available and in these cases the shallow depth value was used. Preliminary
interpretations of the values in each depth bin suggest stratification in currents was not
apparent and the water column seemed to be well mixed. Spatial variability around the
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shelf is visually apparent in Figure 5.4 and temporal variability is indicated by the
differences in current flows and directions on separate days, which is particularly
evident on the southwest mid shelf. Refer to Appendix 10 for the range of ADCP values
associated with each site and the values selected for analyses.

Table 5.2 Terrain and oceanographic variables.
Variables
Tools and Parameters
Cell size
Depth
Interpolation from multiple inputs
5m
Backscatter
Processed with CMST GA-MB Toolbox
5m
Range
Focal statistics: Rectangle 3x3
5m
Standard dev.
Focal statistics: Rectangle 3x3
5m
Slope
Spatial analyst
5m
Curvature
Spatial analyst: curvature, plan, profile
5m
Aspect - Eastness
Spatial analyst; Sine transform
5m
Aspect - Northness
Spatial analyst; Cosine transform
5m
Distance to land
Euclidean distance
5m
Distance to shelf break
Euclidean distance
5m
Rugosity
Benthic Terrain Modeler (BTM)
5m
BPI
BTM; Standardised; Annulus window:
5m
5 m inner radii; 15, 25, 50, 100 and 250
m outer radii
ADCP (u, v)
Closet discrete value attributed to site
-

References
Chapter 3
Gavrilov et al. (2005)
ESRI ArcGIS
ESRI ArcGIS
ESRI ArcGIS
ESRI ArcGIS
ESRI ArcGIS
ESRI ArcGIS
ESRI ArcGIS
ESRI ArcGIS
Wright et al. (2012)
Wright et al. (2012)
-

The terrain (n=17) and oceanographic variables (n=2) were combined together
with depth, latitude and longitude coordinates to create a suite of 22 environmental
variables. Data were extracted to the classified image point locations in ArcGIS v10.1
and input into statistical software for analysis. Finescale analyses were performed using
benthic data for individual images (10 m spaced points) within each new site, and
broadscale analyses were performed using averaged benthic data for each new site.
Mean linear direction values were used to replace ‘eastness’ and ‘northness’ for siteaveraged analyses. Principal Coordinate analyses (PCO) were performed on siteaveraged data with biological and environmental data displayed as vectors.
Environmental data were imported into PRIMER and a Draftsmans Plot was
generated to identify the variables which required transformation and which showed colinearity. Range, slope, rugosity and standard deviation variables required a Natural Log
transformation, and the full data suite was normalised. To explore the correlations of
environmental variables to the benthic community data, the BIOENV and BVSTEP
procedures were used within the BEST tool (Anderson et al., 2008). The BIOENV
procedure tests the relationship of benthic data to all possible combinations of
environmental variables, and is therefore computationally intensive when exploring
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large datasets with a high number of permutations. The BVSTEP procedure uses a stepwise approach to explore subsets of the environmental variables and is better suited to
the analysis of large datasets. BIOENV analyses were first performed with no
permutations on all variables to identify the stronger-performing variables and inform
the selection choice of co-linear variables. Co-linear datasets were then removed and
analyses were repeated using the BVSTEP procedure with a reduced selection of
variables and 9,999 permutations to determine statistical significance (p-value).

Figure 5.4 ACDP current vectors around the Balls Pyramid shelf collected aboard the R.V. Southern
Surveyor in Feburary 2013.
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5.3 Results
5.3.1

Benthic composition and depth zonation
Box plots for key organism/substrate groups are shown in Figure 5.5, with the

stony coral cover displayed in Figure 5.6 and benthic composition for each depth
interval presented in Figure 5.7. Representative images selected from each tow are
presented in Appendix 11. Summary statistics for each tow are presented in Table 5.3.
Maximum stony coral depth was 86 m, at which depth it adopted an encrusting
morphology (12CAM06). Encrusting morphologies were the most common morphology
observed (39.5%). Foliose morphologies extended from 31-67 m depth, while the
remaining morphologies (branching, submassive, tabulate, digitate, and massive)
occurred at shallower depth ranges at 31-50 m depth. While the majority of black and
octocorals occurred between 33-45 m depth, branching and fan morphologies extended
deeper to 61-112 m, respectively, and whip morphologies occurred at a distinctly deep
distribution from 79-115 m depth.

Figure 5.5 Box plots for stony corals, black and octocorals, soft substrates and macroalgae. Upper and
lower box boundaries represent 25th and 75th percentile; line represents median; asterisk represents
arithmetic mean; and bars represent minimum and maximum values. Stony corals with low abundance
morphologies were removed, including: digitate (n=5), massive (n=12) and tabulate (n=27).
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Calcareous red algae were the most prevalent algal taxa (61% of all macroalgae
recordings) and exhibited the greatest depth range, occurring across all recorded depths
from 30-115 m depth. Fleshy red algae extended to 69 m, with brown and green algae
down to 81 m depth. Soft substrates comprised calcareous material with no volcanic
matter observed. These carbonate sediments were most common as sand veneering hard
substrate and planar pebbles (without bedforms such as sand waves, dunes or ripples).
Bivalve beds, sand with bedforms, and pebbles with bedforms were more prominent in
the upper depth ranges of 30-75 m depth, whereas planar rhodolith beds and pebbles
extended to greater depths down to 115 m. Sand veneer and planar sand extended to 103
and 93 m, respectively.
5.3.1.1 Upper mesophotic zone (30–60 m depth)
The 30-40 m depth interval contained the greatest proportion of visible benthic
biota (63.0%), lowest soft sediment cover (34.0%) and highest abundance of stony
corals (13.3%). Collectively, the upper mesophotic zone (30-60 m depth) contained
98.7% of all stony corals recorded, with the majority in 30-40 m depth (76.2%). The
highest recording of stony coral cover per individual still was recorded at 84% in 30 m
depth on the southwest upper mid-shelf reef (15CAM09), followed by 76% at 36.5 m
(34CAM14) and 72% at 32 m (14CAM08, Figure 5.8). The highest recording of black
and octocorals at 68% occurred in 36 m water depth on the southern mid-shelf reef.
Macroalgae remained high across all depths, with greatest occurrence at 30-40 m depth
(42.4%). Sponges reached a maximum composition of 4.5% at 30-40 m depth, and other
colonisers (including anemones, bryozoans, ascidians and unidentifiable organisms)
peaked at 1.3% of benthic composition at 50-60 m depth.
5.3.1.2 Lower mesophotic zone (60–115 m depth)
The lower mesophotic zone was characterised by a greater proportion of soft
sediment and black and octocorals. Pebbles dominated all depth intervals, increasing in
proportion from 38% at 60-70 m depth to a maximum of 63% at >80 m depth. Biogenic
substrates (including rhodolith and bivalve beds) reached a peak in composition of 18%
at 70-80 m depth. Maximum macroalgae cover was 96% on the outer-shelf reef. Black
and octocorals were most prevalent at >80 m depth at 2.6%. Stony corals represented a
smaller proportion of benthic composition in the lower mesophotic zone (<3% of 60115 m, collectively), with most images measuring <10% stony coral cover. Exceptions
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to this lower cover occurred at 63 m depth on the southern outer-shelf reef where 52%
stony coral cover was recorded (12CAM06), with the further exceptions of 20% and
12% cover recorded at 63 m and 67 m depth, respectively (33CAM13).

Figure 5.6 Hillshaded bathymetry of Balls Pyramid with tow points represented as percent-cover of stony
corals. Colour scheme stretched from 0-100 m depth with depth contours displayed at 200 m intervals
beyond 100 m depth.
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Table 5.3 Summary statistics for tow data collected around the Balls Pyramid shelf.
Tow

No. stills

07CAM02
08CAM03
10CAM04
11CAM05
12CAM06
13CAM07
14CAM08
15CAM09
16CAM10
17CAM11
32CAM12
33CAM13
34CAM14
35CAM15
36CAM16

107
98
80
138
80
27
97
110
58
77
140
118
83
78
90

Depth range
(m)
36 - 50
37 - 43
32 - 35
43 - 53
59 - 115
38 - 40
31 - 38
30 - 41
40 - 44
53 - 72
34 - 39
42 - 68
35 - 48
43 - 49
51 - 75

Avg. stony coral
cover (%)
4
0
15
2
1
14
10
19
2
0
14
3
7
10
0

Figure 5.7 Percentage composition of benthic cover by depth interval.
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Max. stony coral
cover (%)
36
16
48
52
52
56
72
84
40
0
60
48
76
64
12

Figure 5.8 a) Maximum stony coral cover of 84%, mid-shelf upper reef, 30 m depth; b) High stony coral
cover of 76%, mid-shelf lower reef, 37 m depth, c) High stony coral cover 72%, mid-shelf upper reef, 32
m depth; d) Maximum black and octocoral cover of 68%, mid-shelf inter-reef depressions, 36 m depth; e)
Stony coral cover of 52%, outer-shelf reef, 63 m depth; f) Maximum macroalgae cover of 96%, outershelf reef, 61 m depth.
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5.3.2

Habitat classification for Balls Pyramid mesophotic shelf
Ten significantly distinct habitats were defined among the diverse mesophotic

coral ecosystems observed. Representative images are shown in Figure 5.9 and
similarity and diversity measures presented in
Table 5.4. Images (n=4) with high stony coral cover separated into a distinct
cluster representing stony coral-dominated reef habitat (Figure 5.9a). Black and
octocoral-dominated habitats (Figure 5.9b) which encompass a broad range of
morphologies within the ‘black and octocoral’ organism class, exhibited the lowest
within-group similarity (65.8%) and second-highest average Shannon’s diversity
(H’av=1.85). Habitats described as mixed-biota habitats occurred as large cluster
categories within the cluster diagram, where no organism/substrate dominated the
composition. Cluster analyses differentiated the mixed-biota habitats into classes
containing higher (Figure 5.9c) and lower (Figure 5.9d) relative cover of benthic
organisms. The high-cover mixed-biota habitat had the maximum value for Shannon’s
diversity measured across all habitats (H’max=2.43).
The highest average diversity (H’av=1.87) occurred for reef habitats dominated
by other organisms, termed ‘Other colonisers’ (Figure 5.9e), which is a broad
combination of organisms including ascidians, bryozoans, anemones, and other
Cnidarians. Although they represent minor contributions, anemones (1.6%) and urchins
(0.3%) are common to this habitat. Macroalgae was a top contributor (within 90% of
cumulative total) for most habitats and was characteristic of the algal-dominated reef
habitats (Figure 5.9f), as well as occurring as sparse algae on sand inundated reef and
pebble substrates (Figure 5.9g). Biogenic substrates formed a distinct habitat defined as
rhodolith beds, with bivalve beds occasionally present (Figure 5.9h). Pebble-dominated
(Figure 5.9i) and sand-dominated habitats (Figure 5.9j) exhibited the lowest diversity
(H’av=1.28 and 0.60, respectively), and sand-dominated habitats showed the highest
with-group similarity (87.2%). Sand was a top contributor to all habitats except for
stony coral-dominated habitats and rhodolith beds.
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Table 5.4 Habitat classes with number of stills (n) per class, SIMPER results of average similarity
(Sim%), top organism/substrate contributing to variation (up to ≥90%), cumulative contribution (Cumul
%), and Shannon’s Diversity Index average (H’av) and maximum (H’max) for each habitat class.
SIMPER
DIVERSE
Habitat
n
Sim % Contributor a Cumul %
H’av
H’max
Stony corals
65.5
Stony coral dominated
4
79.3
1.51
1.72
Macroalgae
100
Macroalgae
34.7
Black & Octo
61.1
Black and octocoral
1.85
2.36
18
65.8
dominated
Sand
76.3
Stony corals
91.1
Macroalgae
58.8
Algal dominated
117
72.9
1.62
2.14
Sand
92.8
Macroalgae
42.9
Mixed biota – Higher
Sand
67.3
1.83
2.43
390
74.6
cover
Stony corals
90.3
Macroalgae
39.2
Sand
69.2
Mixed biota – Lower
117
74.9
1.84
2.33
cover
Biogenic
89.5
Stony corals
95.5
Macroalgae
44.8
Other coloniserSand
70.6
1.87
2.35
71
71.9
dominated
Pebbles
92.0
Sand
51.0
Sparse algae with
263
76.6
Macroalgae
80.1
1.67
2.25
sand/pebbles/reef
Pebbles
98.6
Pebbles
40.2
Rhodolith beds
93
70.5
Biogenic
68.9
1.52
2.15
Macroalgae
93.8
Pebbles
63.5
Pebble dominated
219
72.4
Sand
87.3
1.28
2.13
Macroalgae
97.2
Sand
86.3
Sand dominated
89
87.2
0.60
1.71
Pebbles
99.7
a
Included contributors ≥90% cumulative total
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Figure 5.9 Representative images from habitat classification: a) Stony coral-dominated; encrusting
Faviidae (e.g. Favia spp.) and submassive scleractinian corals with Halimeda sp. and filamentous red
algae, mid-shelf lower reef, 37 m depth; b) Black and octocoral-dominated; fans with encrusting
scleractinian corals, encrusting green and calcareous red algae, mid-shelf upper reef, 34 m depth; c)
Mixed biota – Higher cover; encrusting scleractinian corals (e.g. Faviidae), encrusting algae and
branching octocorals (Dendronepthya sp.), mid-shelf upper reef, 39 m depth; d) Mixed biota – Lower
cover; encrusting scleractinian corals (e.g. Mussidae) with urchins (Prionocidaris sp.), encrusting and
filamentous algae and bivalve beds, mid-shelf lower reef, 42 m depth ; e) Other coloniser-dominated;
Anemones and urchins (Prionocidaris sp.) on encrusting coralline algae with a sea star, outer-shelf reef,
46 m depth; f) Algal-dominated; laminate brown algae, encrusting coralline algae and encrusting sponge,
mid-shelf lower reef, 46 m depth; g) Sparse algae with sand/pebbles/reef; sand inundated reef and cobbles
with sparse branching, laminate and filamentous algae, with bivalve beds, mid-shelf basins and channels,
47 m depth; h) Rhodolith beds; rhodolith beds and sands, sparse algae, outer-shelf terraces, 75 m depth; i)
Pebble-dominated; pebble stones and gravels with shells, urchin spines, rhodoliths and sands, outer-shelf
terraces, 64 m depth; j) Sand-dominated; sand waves, mid-shelf basins and channels, 43 m depth.
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5.3.3

Relationship to geomorphology
Analyses of the tow data subsampled by geomorphic feature provides a more

detailed comparison of the benthic composition across shelf features (Figure 5.10, Table
5.5). Principal coordinates analysis shows the mid-shelf upper reef as the feature most
associated with higher stony coral cover and furthermore highlights the similarity in the
outer-shelf reefs to the upper mid-shelf reef (Figure 5.11). With the exception of the
northern outer-shelf reef tow BP-OR1, benthic composition of the outer-shelf reefs are
more similar to the mid-shelf upper reef than the mid-shelf lower reef, which exhibits
greater variation. The outer-shelf terraces are most strongly associated with pebbles and
biogenic substrates and the outer-shelf platform shows a greater proportion of sand. The
mid-shelf basins show the strongest association with sands, with the exception of
several sites which show similarities to the lower mid-shelf reef and outer-shelf
platform. This occurs when the basin is low-profile reef on the rim of the basin edge
rather than sand accumulations. Inter-reef depressions show great variability in
composition, ranging from sediment infilled depressions to colonised reef.
PERMANOVA analyses showed that benthic composition varied significantly
across geomorphic features at all community levels (Table 5.6). The PERMANOVA
analyses performed with the random, equal sample showed that the unbalanced nature
of the design did not affect the results, as significant relationships were achieved with
both balanced and unbalanced designs. The ‘Geomorphology’ factor had larger PseudoF statistics than ‘Site’ factor in the unbalanced design, whereas the ‘Site’ factor had
larger Pseudo-F statistics and higher significance-levels in the balanced design, which
indicates more variation occurs between sites (from within geomorphic features) than
between features. Pairwise PERMANOVA analysis comparing the benthic composition
between features showed all features were statistically unique, with the exception of the
outer-shelf reefs, mid-shelf lower reef and mid-shelf inter-reef depressions which were
not significantly different from one another (Table 5.7).
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Figure 5.10 Benthic composition within new sites subsampled within geomorphic features around the
Balls Pyramid shelf.
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Table 5.5 Average abundance counts within new sites subsampled from each geomorphic feature around
the Balls Pyramid shelf. Black and octocorals abbreviated to “Bl. & Octo” in table.
Sites

Rock

Cobble

Pebble

Biogenic

BP-MB-1
BP-MB-2
BP-MB-3
BP-MB-4
BP-MB-5
BP-MB-6
BP-MB-7
BP-MRD-1
BP-MRD-2
BP-MRD-3
BP-MRD-4
BP-MRD-5
BP-MRD-6
BP-MRD-7
BP-MRD-8
BP-MRL-1
BP-MRL-2
BP-MRL-3
BP-MRL-4
BP-MRL-5
BP-MRL-6
BP-MRL-7
BP-MRL-8
BP-MRL-9
BP-MRU-1
BP-MRU-10
BP-MRU-11
BP-MRU-12
BP-MRU-13
BP-MRU-14
BP-MRU-15
BP-MRU-16
BP-MRU-2
BP-MRU-3
BP-MRU-4
BP-MRU-5
BP-MRU-6
BP-MRU-7
BP-MRU-8
BP-MRU-9
BP-OB-1
BP-OP-1
BP-OP-2
BP-OP-3
BP-OP-4
BP-OP-5
BP-OP-6
BP-OP-7
BP-OR-1
BP-OR-2
BP-OR-3
BP-OR-4
BP-OT-1
BP-OT-2
BP-OT-3
BP-OT-4
BP-OT-5

0.0
0.0
0.0
0.0
2.2
0.1
0.0
0.6
0.8
0.2
0.0
0.2
0.0
0.1
0.9
0.0
0.0
0.8
0.8
0.6
0.1
0.2
0.2
0.1
0.2
0.2
0.0
0.0
2.4
0.1
0.0
0.1
0.2
0.1
0.0
0.1
0.5
0.7
0.3
0.0
0.6
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.0
0.1
0.0

0.6
0.1
0.4
0.1
1.8
1.2
0.1
0.1
0.3
1.3
0.9
0.1
0.4
0.3
0.8
0.0
0.5
0.2
0.7
0.7
0.0
0.1
0.2
0.1
0.0
0.0
0.3
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.3
0.2
1.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.1
0.0
0.0
0.1
0.0
0.0
0.1

0.6
1.3
9.7
4.1
0.2
2.6
15.8
10.1
0.2
2.5
8.5
6.1
2.1
1.1
3.6
3.1
4.5
1.5
2.8
3.2
0.2
4.5
7.1
1.4
0.0
1.2
1.7
0.5
0.0
0.1
0.2
8.3
0.1
0.0
0.0
0.1
0.0
0.6
0.3
4.8
13.0
9.3
6.3
10.2
4.4
13.8
6.5
7.1
5.9
0.4
0.7
3.9
17.4
19.5
7.8
17.2
18.7

0.0
0.0
0.0
0.0
1.2
1.5
0.0
5.9
0.0
0.0
6.5
2.6
0.8
1.6
0.0
3.9
0.2
0.0
0.0
0.9
0.0
0.0
0.0
0.5
0.0
2.2
1.7
0.6
1.2
1.4
0.7
0.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0
3.3
0.0
0.1
0.0
0.5
0.1
1.6
0.2
2.4
0.0
0.0
1.6
0.9
2.1
1.6
10.2
0.5
2.6

Sand Macroalgae
20.9
2.9
23.6
0.0
14.8
0.1
20.4
0.4
9.6
9.3
11.2
8.3
9.0
0.1
3.6
4.0
3.2
15.0
8.2
10.9
5.2
3.9
2.5
9.9
6.9
7.9
5.0
12.0
8.1
7.0
5.8
11.2
12.7
5.6
3.7
15.8
11.2
7.7
10.9
7.5
7.0
14.1
9.1
10.5
8.9
7.0
8.0
9.8
5.6
12.5
5.0
11.2
4.4
11.3
5.4
9.1
3.9
10.0
9.4
9.2
6.5
9.7
11.5
4.6
3.1
13.6
3.5
13.8
4.5
13.5
3.9
12.3
2.5
15.2
4.4
14.7
4.6
13.4
3.9
7.9
8.4
2.5
7.6
7.8
6.7
10.7
9.6
4.2
12.6
7.3
6.0
3.6
8.5
7.9
7.0
7.8
7.6
11.0
5.4
14.8
5.8
11.5
2.4
14.7
3.0
2.3
2.9
0.9
0.8
6.0
3.1
2.5
1.4
2.1
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Stony
coral
0.0
0.0
0.0
0.0
0.2
0.1
0.0
0.3
3.1
0.9
0.0
2.5
2.6
3.0
2.4
0.7
0.1
1.7
0.4
0.2
1.2
0.2
0.5
2.6
5.1
4.1
4.3
6.6
2.6
2.1
5.8
0.0
7.1
5.6
4.9
6.9
3.4
1.9
4.9
2.7
0.0
0.0
0.0
0.0
0.1
0.0
0.5
0.1
0.0
1.7
3.0
2.1
0.0
0.0
0.1
0.1
0.0

Bl. &
Octo
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.3
3.0
0.5
0.9
0.1
0.0
0.3
0.3
0.4
0.0
0.1
0.0
0.3
0.1
0.5
0.3
0.7
2.4
1.6
0.7
0.0
0.1
0.2
0.3
0.0
1.0
0.4
0.1
0.9
0.0
0.0
0.0
0.1
0.1
0.0
0.0
0.0
0.4
0.0
0.4
0.0
0.0
0.0
0.0
1.0
0.0

Sponge

Other

0.0
0.0
0.0
0.0
0.1
0.0
0.0
0.4
2.2
0.9
0.0
0.4
1.0
1.2
0.7
0.2
1.3
0.9
1.0
0.2
2.0
0.1
0.9
1.9
1.2
0.6
0.9
2.1
0.4
0.8
1.3
0.1
0.8
1.7
1.7
1.4
1.7
1.5
1.1
0.2
0.1
0.2
0.0
0.0
0.2
0.0
0.2
0.0
0.0
1.0
1.5
0.6
0.0
0.0
0.0
0.4
0.0

0.0
0.0
0.0
0.0
0.4
0.0
0.0
0.0
0.0
0.1
0.0
0.4
0.3
0.2
0.6
0.0
0.1
0.1
0.1
0.4
0.4
0.2
0.2
0.3
0.3
0.0
0.1
0.0
2.1
0.3
0.1
0.0
0.0
0.1
0.1
0.3
0.2
0.5
0.1
0.1
0.4
0.0
1.3
0.4
0.2
0.0
1.0
0.5
0.1
1.5
0.4
0.4
0.2
0.0
0.1
0.1
0.0

Figure 5.11 Principal coordinates analyses (PCO): a) plotted by combined factor of ‘ShelfGeomorphology’; and b) plotted as a bubble plot of stony coral composition, overlain with biological
vectors displayed with >0.6 correlation.
Table 5.6 PERMANOVA results for benthic community data at three levels: organism/substrate
morphology; organism/substrate type; and habitat class.
Selection
Factor
Community level Pseudo-F
p-value
Morphology
10.98
0.0001
All sites
Geomorphology
Type
12.30
0.0001
Habitat
6.73
0.0001
Morphology
6.70
0.0001
Site(Nested)
Type
6.59
0.0001
Habitat
3.71
0.0001
Morphology
6.18
0.0002
Random 3 sites
Geomorphology
Type
4.49
0.0001
Habitat
1.75
0.0283
Morphology
6.35
0.0001
Site(Nested)
Type
7.98
0.0001
Habitat
5.88
0.0001
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Table 5.7 PERMANOVA pairwise analyses for organism/substrate type.
Geomorphic MS-R-U MS-R-L
MS-D
MS-BC
OS-R
Unit
MS-R-U
***
MS-R-L
**
ns
MS-D
***
**
**
MS-BC
*
ns
ns
**
OS-R
***
**
*
*
***
OS-P
***
***
**
**
**
OS-T
*** p ≤ 0.001; **p ≤ 0.01; * p ≤ 0.05; ns = not significant

5.3.4

OS-P

OS-T

**

-

Relationship to environmental variables
PCO analyses show the proportion of macroalgae, sand and pebble as the

biological factors correlated most strongly to site separation (Figure 5.12). Depth and
distance from land were shown to be the highest correlated environmental variables.
Macroalgal abundance shows similar trends to the stony coral composition, with greater
occurence occuring in shallower depths on the upper mid-shelf reef feature. Higher
pebble concentration occurred with increasing distance from land, which was observed
on the outer-shelf platform and terraces.
The relationships to environmental variables were further explored with
BIOENV and BVSTEP analyses using finescale (individual classified points) and
broadscale (averaged site data) approaches, with results presented in Table 5.8. Depth
was identified as the strongest performing variable and was selected as the top variable
for all community levels and scales. For broadscale data, backscatter was additionally
selected as the secondary explanatory variable for all community levels, with the
highest correlation shown for organism/substrate type data Rho=4.87 (p=0.0001),
followed closely by morphology-level data (Rho=4.65, p=0.0001). The weakest
correlation occurred for habitats at the finescale (Rho=0.179, p=0.0001), though the
relationship remained significant (p=0.0001), with depth and distance from land
identified as the explanatory variables.
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Figure 5.12 Principal cordinates analyses (PCO) plotted as a bubble plot of: a) macroalgae composition;
b) sand composition; and c) pebble composition, overlain with environmental vectors displayed with
correlations >0.4.
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Table 5.8 BVSTEP results for finescale benthic data (individual image points) and broadscale data
(averaged site data).
Scale
Community level
Variables
Rho (correlation) p-value
Morphology
Depth
0.257
0.0001
Finescale
Type
Depth
0.299
0.0001
Habitat
Depth, distance from land
0.179
0.0001
Morphology
Depth, backscatter
0.465
0.0001
Broadscale
Type
Depth, backscatter
0.487
0.0001
Habitat
Depth, backscatter
0.375
0.0001

5.4 Discussion
Diverse mesophotic coral ecosystems have been discovered and described around
the Balls Pyramid shelf. The findings presented in this study have increased our
understanding of the depth distribution and geographical extent of modern corals
beyond the known limit of reef formation in the Pacific Ocean. The prevalence of
scleractinian corals on the mesophotic shelf demonstrates the importance of the region’s
benthic habitats for extant coral populations. Abundant carbonate production at this
subtropical location is evident from the high proportion of soft-sediment sands and
gravels and mixed tropical and temperate carbonate-producing benthic organisms.
Volcanic material was not observed in the underwater footage and appears to only be
prominent close to outcrops, as observed from the drill core data presented in Chapter 4.

5.4.1

Benthic composition and depth zonation
Scleractinian corals recorded a maximum of 84% cover at 30 m depth and

located at 31°46’S latitude. At comparable latitudes on the Western Australian coast,
72.5% maximum coral cover was recorded on shallow, high latitude reefs at 32°S
(Thomson and Frisch, 2010). Scleractinian corals were found to extend to 86 m water
depth, which is beyond depths of 70 m recorded for high latitude reefs of Bermuda
(32°N, Venn et al., 2009) and 40–50 m for atolls in the northern Hawaiian Archipelago
(27°50’N), which extend deeper down to 153 m in the lower latitudes of the
Archipelago (Kahng and Maragos, 2006; Rooney et al., 2010). On the shelf-edge reefs
of the Great Barrier Reef (GBR) in tropical Australia, zooxanthellate corals have been
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observed at 75–100 m (Bridge et al., 2011; Bridge et al., 2012a), with maximum depths
of 125 m recently discovered (Englebert et al., 2014). Scleractinian corals were more
distinctive in the upper mesophotic zone while black and octocorals characterised the
lower mesophotic zone. Similar trends have been observed elsewhere on MCEs, where
diverse communities of zooxanthellate corals and sponges were apparent in the upper
mesophotic zone, with communities transitioning to azooxanthellate species with
decreasing light penetration (Kahng et al., 2010; Rooney et al., 2010; Bridge et al.,
2011; Slattery et al., 2011).
The deepest and most abundant coral morphologies observed in this study were
encrusting and foliose. These flattened morphologies can occur as a result of lower
temperatures (Veron and Done, 1979), low light (Hoogenboom et al., 2008) and higher
energies (Chappell, 1980), and are typically associated with increasing depth on MCEs
(Bongaerts et al., 2010; Rooney et al., 2010) and higher latitude reefs (Sommer et al.,
2013). Branching morphologies were observed down to 50 m depth, and these
morphologies tend to occupy more sheltered environments (Chappell, 1980) in
shallower depths on MCEs (Rooney et al., 2010).
Cool-water influxes and reduced light penetration are key factors that restrict the
maximum depth limits of MCEs (Bongaerts et al., 2010; Rooney et al., 2010; Bridge et
al., 2011; Kahng et al., 2014). Corals recorded on the shelf edge of Balls Pyramid would
be exposed to episodic cooler upwelling currents from the steep flanks of the midoceanic shelf (Middleton et al., 2006). The cooler waters delivered to Balls Pyramid
from the northwards movement of the Tasman Front likely limit the extent of coral
growth, as water clarity does not appear to restrict the depth distribution of corals. The
deep recordings of scleractinian coral and green algae at >80 m depth provide evidence
of photosynthetic processes and thus demonstrate high water clarity. The high clarity of
water in this region has been previously noted by Veron and Done (1979) and Kleypas
et al. (1999a). As 91% of shelf area occurs in 30-90 m depth (Chapter 3), there is
potentially sufficient light available for coral growth across the majority of the shelf.
Despite the high proportion of stony corals observed on the mid- and outer- shelf
reefs, the corals are considered to be occurring as ‘coral communities’ that veneer the
underlying limestone rather than as a ‘true coral reef’ (Table 5.1). The corals observed
in this study do not appear to be forming a vertical reef framework, unlike the fossil
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coral reef which accreted several metres of coral reef framework, as described in
Chapter 4. Given the abundance of scleractinian corals observed across the shelf, there
may be locations where a modern coral reef structure has formed.
Modern dominant carbonate production has shifted from reef development
during the Early-Holocene to in situ sediment production. Extensive in situ carbonate
production was evident across the shelf, with a high proportion of unconsolidated sands,
pebbles and biogenic beds occurring across all depth classes. Carbonate producers were
a mix of tropical-associated stony corals and temperate-associated calcareous algae,
bivalve beds, bryozoans and echinoderms. Calcareous red algae, which are significant
carbonate producers (Basso, 2012), were highly abundant across all depths and occurred
in the form of encrusting veneers and rhodolith beds. Heavily encrusted rhodolith beds
characterised the lower MCE, which corresponds with the findings of Kennedy et al.
(2002) of rhodoliths on the shelf edge, inferred to have formed during times of lower
sea level. Molluscs were evident as dense constructional bivalve beds which occurred
down to 75 m depth. The diversity of carbonate producers (including molluscs) is
underestimated by this study due to the exclusion of unattached benthic organisms (with
the exception of urchins) and inconspicuous biota.

5.4.2

Relationship to geomorphology
Due to the complex morphology on the Balls Pyramid shelf, the MCEs are not

easily characterised by depth zonation alone. The bimodal nature of the depth
hypsometry of the shelf is created by the distribution of mid- and outer- shelf features
with intermediary basins (Figure 4.14). Patterns in depth zonation are therefore
inherently tied to the distribution of geomorphic features across the shelf landscape. The
distributions of benthic communities were shown to significantly relate to the
underlying geomorphology at all community levels. Previous studies have linked
geomorphology to infaunal (Brooke et al., 2012; Anderson et al., 2013) and epifaunal
(Przeslawski et al., 2011) assemblages on the Lord Howe Island shelf and Lord Howe
Rise.
The occurrence of modern coral growth on fossil reef structures highlights the
role of antecedent topography in providing substrate for coral colonisation. Fossil reef
features form an elevated topography in relation to the surrounding basin and platform
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features, which likely benefits corals by providing greater access to light and reduced
sedimentation. The association of modern coral with the upper mid-shelf reef, which is
inferred to be the latter stages of fossil reef accretion as discussed in Chapter’s 3 and 4,
suggests this feature holds the highest potential as refugia or expansion substrate.
Furthermore, the outer-shelf reefs should not be underestimated in their potential as
suitable coral habitat as they have been shown to have comparable composition to the
mid-shelf reefs at selected sites.
This study has shown that geomorphology is a significant influence on benthic
community patterns and it is a useful resource to inform broad patterns in benthic
composition. The high complexity and diversity observed within the imagery cautions
against the use of geomorphology as a standalone surrogate for habitat. The higher
significance and Pseudo-F statistics for the ‘Site’ factor within the randomised
subsample indicates there is variation within the geomorphic features at different sites
around the shelf. Geomorphology is therefore a significant factor contributing to
variation in communities around the shelf, and should be considered together with other
environmental drivers and biological interactions.

5.4.3

Relationship to environmental variables
Depth and backscatter showed the highest correlations to benthic data for the

broadscale, site-averaged data, with weaker correlations demonstrated for the finescale
data. The importance of depth is demonstrated by the trends in depth zonation discussed
in Section 5.3.1, which describes the highest proportion of biota occurring in the
shallower zones. Exceptions to this trend occur, however, on the outer-shelf reef which
supports a high cover of corals and other organisms. Sand and pebbles were identified
as key components differentiating site composition through PCO, and likely explain the
selection of backscatter as a top explanatory variable.
Due to its mid-ocean and tropical-temperate position, currents at this transition
zone are highly complex and variable, both spatially and temporally. The inclusion of
ADCP data represents the best available data from the survey, however it only captures
a limited snapshot of a complex hydrodynamic envionment. An ADCP unit deployed
for a six month period on the northern Lord Howe Island shelf detected non-tidal, nearbed currents which were attributed to seasonal EAC eddies and locally generated wind112

driven currents (Heap et al., 2009). Current velocity data collected around the shelf by
this study demonstrates highly spatially variable current flows with strong cross-shelf
currents commonly at, or exceeding, 0.4 m/s. In the data presented, there appears to be a
anti-clockwise flow around the east and north of the shelf, with a mixing of currents on
the mid southwest shelf where maximum coral cover was recorded. Middleton et al.
(2006) described a wake due south of the island, though little data was captured in this
region. ADCP data were not identified as explanatory variables in BVSTEP analyses,
although it is believed that hydrodynamic variation is an important driving mechanism
structuring benthic communities. Aspect was calculated as a surrogate to represent
longer-term current exposure (e.g. Ierodiaconou et al., 2011), however it was also not
found to be correlated to benthic organisms or habitats. Hydrodnamic regime has been
previously identified as a key driver structuring shallow coral communities around Lord
Howe Island, where a fringing reef has formed around a sheltered lagoon with patch
reefs (Veron and Done, 1979; Edgar et al., 2010). Unlike Lord Howe Island, sheltered
environments do not occur in the shallows around the Balls Pyramid pinnacle and it
instead remains highly exposed. Detailed studies on finescale and broadscale
oceanographic conditions are strongly recommended to characterise the temporal and
spatial trends that could in turn be related to the benthic distributions.

5.4.4

Implications and limitations for coral expansion and refuge capacity
Modern coral cover and historical accretion are used to assess refugia and

expansion capacity in this study. The extensive mesophotic fossil reefs have been
shown to provide ample suitable coral habitat which is available to support potentially
increased coral populations and southern range expansion of coral reefs. Should
conditions remain favourable, the abundant extant corals could persist in the climate
refugia and maintain a genetic pool for future larval replenishment. The limitations of
this approach to assessing refugia capacity is that it does not take into the account
complex interactions and responses of the biota to rapidly changing environmental
conditions. Now that it is known that this subtropical, mesophotic region supports an
abundance of scleractinian corals, it is imperative to further investigate the factors
which may confound the potential benefits of warming sea-surface temperatures in this
region.
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Refuge capacity in this region may be limited by larval recruitment (Hoey et al.,
2011), sedimentation (Bridge et al., 2011), bleaching (Harrison et al., 2011),
acidification (Couce et al., 2013) and macroalgal competition (Hoey et al., 2011).
Understanding the source and exchange of coral larvae, vertically and horizontally,
between MCEs and surrounding reef systems is essential to assess the role of deep reefs
as refugia (Bongaerts et al., 2010). Genetic connectivity of corals between Lord Howe
Island and the GBR, which lies over 1000 km to the northwest, has been shown to be
limited given the region’s isolation (Ayre and Hughes, 2004) though long-distance
migration occurs to Lord Howe Island with enough frequency to maintain genetic
diversity at evolutionary time scales (Noreen et al., 2009). The Balls Pyramid shelf is
the geographical limit of potential poleward migration in this region, as no emergent or
submerged shelf system is known to occur south of Balls Pyramid along the Lord Howe
Rise.
Refuge capacity may further be limited by in-situ sedimentation, particularly
with prevalent flat morphologies of corals which are susceptible to smothering
(Stoddart, 1969). Shallow reefs around Lord Howe Island have suffered extensive
bleaching when unseasonably high temperatures occurred in the lagoon (Harrison et al.,
2011), and it is unknown whether deeper reefs were affected by this event. Coral
bleaching has been observed elsewhere at the shallow, high latitude coral reefs of the
Houtman Albrolhos (Abdo et al., 2012) and warmer temperatures have been linked to
reduced coral recruitment success at the southernmost marginal reefs along the African
coast (Schleyer et al., 2008). Mesophotic reefs can asuffer bleaching from warm-water
events as well as cold-water intrusions (Menza et al., 2007). Increased acidification
(Couce et al., 2013) and high macroalgal cover (Hoey et al., 2011) are also potential
inhibitors to coral growth which are of particular relevance to higher latitudes. Some
coral species at Lord Howe Island show declines in accretion (Anderson et al., 2015)
though conflicting trends have been observed for other high latitude areas (Cooper et
al., 2012; Ross et al., 2015). Increased macroalgal cover in coral environments can be
an indicative signal of ecosystem phase shifts to macroalgal-dominated communities
(Johannes et al., 1983) and the high abundance of macroalgae in the Lord Howe Island
lagoon has been suggested as a factor that may hinder coral growth in the future (Hoey
et al., 2011). The co-occurrence of coral and algae in the manner observed around Lord
Howe Island is unlike tropical-temperate transitional communities elsewhere around the
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world (Edgar et al., 2010). As it is a unique trait of the region, it is not considered to
represent a risk for ecosystem phase shifts.
Under rapidly shifting climatic conditions, an increased focus is needed on the
conservation management of higher latitude and deeper reef systems (Hinderstein et al.,
2010; Beger et al., 2013; Makino et al., 2014). Given their potential to act as refugia,
there is a pressing need to better understand the characteristics and potential role of
these systems under changing global environmental pressures and assess their resilience
to these changes (Lesser et al., 2009; Slattery et al., 2011). Protecting potential refuges
from anthropogenic impacts through the provision of no-take areas has been identified
as an urgent priority in order to sustain reef ecosystems (Beger et al., 2013).
Fortunately, the high level of conservation afforded to the Balls Pyramid region is ideal
for long-term monitoring of the impact of environmental change on the composition of
MCEs, latitudinally and with depth.
The data collected as part of this study will provide robust baseline data, and it is
recommended that repeated surveys be undertaken to monitor any changes in
community composition and scleractinian coral cover. To further assess the potential of
the MCEs of Balls Pyramid to act as a refugia or expansion substrate for corals in the
future, or for the expansion of coral cover, it is necessary to understand the patterns of
coral recruitment. Studies of genetic connectivity coupled with local-scale
oceanographic modelling are strongly recommended to better understand their potential
vulnerability to a changing climate.

115

5.5 Conclusions
The key findings of this chapter are as follows:
1. Discovery of healthy scleractinian coral growth around the Balls Pyramid shelf
2. High scleractinian coral cover up to 84% recorded with deep distributions down
to 86 m depth
3. Diverse reef and soft sediment habitats classified with mixed tropical- and
temperate-associated organisms
4. Statistically significant correlations with geomorphology and environmental
variables, with depth appearing as the strongest driver explaining benthic
community distributions
5. Evidence that the mesophotic fossil reefs have the potential to act as refugia
sustaining extant coral populations, and provide ample substrate to support
expanded coral cover into the future.
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6

Chapter 6

Spatial patterns of benthic communities and suitability of shelf
substrates for coral refugia

6.1 Introduction
Subtropical reefs have been identified as important systems to monitor and
conserve under a changing climate (Beger et al., 2013). Intensifying and warming
poleward-flowing currents have resulted in the tropicalisation of subtropical and
temperate waters, with considerable changes to the geographical distributions of some
marine species (Cheung et al., 2012; Poloczanska et al., 2013; Vergés et al., 2014).
Along the southeast Australian coast, where the East Australian Current (EAC) is
warming and strengthening (Thompson et al., 2009; Suthers et al., 2011; Wernberg et
al., 2011), new records of several Acropora spp. have been discovered on the
subtropical reefs of the Solitary Islands (30°S, Baird et al., 2012). Subtropical areas
have been suggested environments for potential coral expansion and refugia, in addition
to deep reefs, islands and areas of upwelling (Glynn, 1996; Riegl and Piller, 2003;
Bongaerts et al., 2010).
Subtropical rocky reefs along mainland Australia, such as the Solitary Islands,
support non-reef forming coral communities (Veron et al., 1974; Harriott, 1994).
Offshore of the mainland coast, along the subtropical island chain of the Lord Howe
Rise, coral reef growth more akin to tropical reefs as a result of eastward-flowing eddies
of the EAC (Harriott and Banks, 2002). Evidence of fossil reef expansion beyond Lord
Howe Island to the southern Balls Pyramid shelf has been presented in Chapter’s 3 and
4. Geochronological data presented in Chapter 4 shows that the mid-shelf fossil reefs,
now submerged in 30-50 m water depth, accreted concurrently during the Holocene
transgression, with most prolific growth during the Holocene Climatic Optimum. The
Balls Pyramid mid-shelf reef drowned as sea level approached modern heights (Chapter
4) whereas the reef around Lord Howe Island backstepped and formed the fringing reef
along the western coast (Kennedy and Woodroffe, 2000; Woodroffe et al., 2010).
Mesophotic benthic communities colonising the fossil reefs around Balls
Pyramid have been described in Chapter 5 and have revealed scleractinian corals
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occurring between 30 and 86 m depth, with coral cover up to 84%. This unanticipated
amount of coral coverage and wide depth range of corals raises the question of how the
distributions around Balls Pyramid compare to the adjoining shelf around Lord Howe
Island. The evidence of past reef expansion and modern coral communities around Balls
Pyramid presented in Chapters 3-5 reinforce the region’s potential as an environment
for coral refugia or expansion. In relation to Balls Pyramid, the Lord Howe Island shelf
may hold greater potential for refugia as it is located in closer proximity to the fringing
reef which may provide greater opportunities for larval recruitment success.
Benthic composition in the shallows around Lord Howe Island has been
described in a number of studies including, but not limited to, Veron and Done (1979),
Harriott et al. (1995), Environment Australia and Marine Parks Authority (2001) and
Edgar et al. (2010). These studies describe variation in coral community composition
around the island, with exposure identified as an important driving mechanism (Veron
and Done, 1979, Edgar et al., 2010). Coral cover is shown to significantly vary at
different sites around the island (Harriott et al., 1995, Edgar et al., 2010). The highest
coral cover was recorded within the sheltered waters of the lagoon, with maximum
values of 80% observed by Veron and Done (1979). The southern end of the fringing
reef and island contains higher macroalgal abundance, speculated to result from
freshwater runoff from the steep mountains of Mt Gower and Mt Lidgebird (Hoey et al.,
2011). The high occurrence of macroalgae is suggested by Hoey et al. (2011) to limit
potential for refugia, together with other factors such as low coral recruitment and slow
growth rates. The potential for refugia has been the subject of investigation by Harrison
et al. (2011), Hoey et al. (2011), Dalton and Roff (2013), Anderson et al. (2015) and
Keith et al. (2015), and the limitations identified by these studies have been discussed in
Section 5.4.4, Chapter 5.
The mesophotic environment has been explored in terms of habitats (Speare et
al., 2004), benthic infauna (Anderson et al., 2011), sedimentology (Kennedy et al.,
2002) and fossil reef accretion (Woodroffe et al., 2010, Chapter 4). Speare et al. (2004)
described the fossil reef as being predominantly encrusted with algae, with the highest
proportion of stony coral recorded near South East Rock on the Balls Pyramid shelf.
Stony corals were not observed as a dominant benthos, although it was suggested corals
likely occurred in greater abundance than was captured by the study. The topographic
complexity of the fossil reef was shown by Anderson et al. (2011) to relate to the
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highest density of suspension feeders and the highest diversity of benthic infauna.
Structural complexity of the fossil reef surface has also been associated with patterns in
fish assemblages, with Rees et al. (2015) finding increased fish abundance in areas with
greater surface complexity. Kennedy et al. (2002) described shelf sediments as
dominated by coralline algae, with corals subordinate, yet widespread. These studies
suggest the fossil reef may play an important role in structuring the distribution of
benthos and may be suitable habitat for coral refugia.
The two shelves possess all of the attributes of proposed refugia environments,
including subtropical locality, isolation from mainland anthropogenic impacts, influence
of upwelling processes, and availability of mesophotic reef substrates (Glynn, 1996;
Riegl and Piller, 2003; Bongaerts et al., 2010). Across these broad shelves, there are
likely regions which are more habitable for corals. Predictive mapping of mesophotic
coral communities has been undertaken along the Great Barrier Reef to provide a
quantification of potential coral habitat (Bridge et al., 2012, Harris et al., 2013). These
studies revealed extensive areas of submerged reef habitat which could potentially
support coral communities and are currently unaccounted for in regional assessments of
coral cover within the marine park. As mesophotic environments are more difficult to
access than shallow reefs, data is typically sparse and assessments benefit from the
extrapolation of trends which modelling provides. Habitat suitability modelling has
been demonstrated to be effective in identifying areas that may be suitable for coral
habitat and forms a powerful tool for identification and management of MCEs.
The objective of this chapter is to identify areas around the two shelves which
may be most suitable for coral refugia into the future. To achieve this, the composition
of benthic communities around the Lord Howe Island mesophotic shelf must first be
investigated. Classified benthic data around Lord Howe Island can then be integrated
with the Balls Pyramid data presented in Chapter 5 in order to explore spatial patterns in
benthic composition around the two shelves and predict the extent of suitable coral
habitat. This chapter aims to: 1) characterise the benthic habitats of the Lord Howe
Island shallow and mesophotic shelf; 2) compare and contrast benthic composition on
reef features around the two shelves; and 3) model distributions of organisms and
substrates using terrain variables and geomorphology. Understanding the relative
capacity of the mesophotic shelves to support modern coral growth will help to assess
their potential suitability for coral reef expansion in the future. This information will
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provide important baseline data for use in the management of this globally significant,
World Heritage area.

6.2 Methods

6.2.1

Still image analysis for Lord Howe Island shelf
Towed underwater images were collected around the Lord Howe Island shelf

from two voyages (Figure 6.1). The first voyage was undertaken on the Marine National
Facility R.V. Southern Surveyor in February 2013 (SS2013_v02) with images collected
using the Shallow Underwater Camera Model 2 at 5 second intervals. During this
survey 767 images were collected from two sites around the Lord Howe Island shelf
(45CAM17 and 46CAM18). The second voyage was undertaken on the Marine Parks
Authority vessel Tursiops in November-December 2013, with images collected using
the NSW Office of Environment and Heritage towfish (Appendix 12). This voyage
collected a further 6,587 images (captured at 3 second intervals) from 22 sites around
the Lord Howe Island shelf (NOV01-22).
The towfish systems deployed on both voyages were equipped with downward
facing high-definition stills camera and forward-facing video camera, fitted with dual
lights and Ultra Short Baseline (USBL) positioning. Cameras were towed at 1-5 knots
approximately 1 m above the seafloor, in water depths ranging 3-115 m along transect
lengths ranging 115-1,417 m. Camera height above the seafloor was more variable
during the November-December 2013 voyage due to sea surface conditions. Adverse
weather conditions prevailed during the November-December 2013 survey and this
restricted the survey of mid- and outer-shelf regions, which were the primary target. For
this reason, shallower tows were conducted and were designed to complement existing
long-term monitoring survey locations by Reef Life Survey and the Marine Parks
Authority.
Key stages of image subsetting and analyses are outlined in Figure 6.2. A
combined total of 7,354 images collected around Lord Howe Island from both voyages
were processed using the detailed methodology presented for the Balls Pyramid shelf,
outlined in Section 5.2.1, Chapter 5. Repeating the approach performed for the Balls
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Pyramid data enabled the datasets to be integrated within a consistent classification
scheme. Key processing steps are shown in Figure 6.2. Images were subset data into 10
m intervals which extracted 1,287 stills for image analysis using a 25-point overlay in
Transect Measure v2.31 (32,175 points).

Figure 6.1 Location of tow data collected around the Lord Howe Island shelf. Colour scheme stretched
from 0-100 m depth, with depth contours shown at 200 m intervals beyond 100 m depth.
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Figure 6.2 Flow chart indicating processing steps for still image analyses of Lord Howe Island data (blue
outline), following the methodology presented for the Balls Pyramid data in Chapter 5. Classified Balls
Pyramid data (red outline) were combined with classified Lord Howe Island data and Reef Life Survey
data (green outline) for subsequent analyses.

6.2.2

Habitat classification for Lord Howe Island shelf
Statistical analyses were performed in PRIMER v6 with PERMANOVA+ add-

on (Anderson et al., 2008; Clarke, 1993). Habitats were defined using a clustering
approach, with 30 statistically distinct clusters produced at 65% resemblance. Images
within each cluster category were visually assessed and manually aggregated to 8
habitat classes. SIMPER analysis of the habitat classes were performed to identify the
hierarchy of organisms contributing to within-group similarity. The organisms which
cumulatively represented >90% of the within-group similarity were reported.

6.2.3

Comparison of benthic composition on reef features
To test the hypothesis of whether benthic composition varies significantly

between reef geomorphic features across the two shelves, new sites were subsampled
from the classified tow data adopting the methodology described for the Balls Pyramid
shelf in Section 5.2.3, Chapter 5. Equal segments of 10 images (approximately 100 m in
length) were manually extracted within consistent geomorphic features around the Lord
Howe Island shelf to form a subsample of 53 new sites (Figure 6.3, Figure 6.4). These
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sites were combined with the subsampled sites extracted for the Balls Pyramid shelf,
presented in Chapter 5.
Principal coordinates analyses (PCO) were performed on the combined
subsampled site data, using the rank-order of similarities from the resemblance matrix
to project the data onto two principal coordinate axes to reduce dimensionality and
visualise patterns in the data. Data were labelled with reef geomorphic feature and stony
coral composition displayed as a bubble plot. Correlations with biological data were
displayed as vectors.
A pairwise PERMANOVA was performed to test whether benthic communities
significantly varied between reef geomorphic features around the two shelves. The
‘Shelf’ factor (i.e. Lord Howe Island or Balls Pyramid) was combined with the
‘Geomorphology’ factor to create a new factor representing ‘Shelf-Geomorphology’
(e.g. “Lord Howe Island shelf - Outer-shelf reef”) which was treated as a fixed factor as
it was the hypothesis being tested. The new extracted subsampled ‘Site’ locations were
nested within the ‘Shelf-Geomorphology’ factor and treated as a random factor due to
the nested relationship. Prior to analysis, sites collected over basin features were
removed, as well as sites collected from tows on the Lord Howe Island fringing reef and
outer-shelf reef as only one tow was collected per feature.
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Figure 6.3 New site locations extracted from tow transects as equal segments over consistent geomorphic
features around the Lord Howe Island inner shelf. Site location ID prefixed with the shelf label “LHI”.
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Figure 6.4 New site locations extracted from tow transects as equal segments over consistent geomorphic
features around the Lord Howe Island mid- and outer-shelf. Site location ID prefixed with the shelf label
“LHI”.
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6.2.4

Habitat suitability modelling
Predictive modelling was undertaken to further explore the relationships of

benthic distributions to environmental variables, with a specific focus on predicting
suitable coral habitat. An understanding of the spatial extent of potential coral habitat
contributes toward assessing the refugia potential of this subtropical, high latitude
region. Habitat suitability modelling was undertaken with Maxent v3.3.3k, which
applies Maximum Entropy statistical techniques to presence-only data in order to
predict geographic distributions of species (Phillips et al., 2006; Phillip and Dudík,
2008).
The underwater tow imagery collected within this study was predominantly
captured within the 30-80 m depth zone, with limited data in shallow waters. For stony
coral predictions, the shallow water data is critical to capture coral cover on the modern
fringing coral reef. To overcome this depth bias, tow data were integrated with shallow
dive-transect data collected by Reef Life Survey (RLS), which includes surveys of the
fringing reef around Lord Howe Island as well as shallow sites around Balls Pyramid
Island and neighbouring islets (available online www.reeflifesurvey.com). Benthic
cover were calculated by RLS for each image using a point count method (20 points per
image), which is comparable to the point-count method used in this study. RLS dives
were conducted at 45 sites in 0.5-22 m depth along a 50 m transect. Data for each site
are recorded with one set of coordinates per site. All records for each site were included
and duplicate records were later ignored during Maxent analyses. The organism
categories used by RLS were standardised to match the organism types used in this
study (see Appendix 13). The inclusion of RLS data balanced the depth distribution of
sampling and allowed for predictions across the entire bathymetry model. Caution is
advised with interpretations of results in deeper waters >90 m depth as these predictions
are based on limited transects.
RLS data and tow data were combined and converted to presence only records.
Presence data were collated for stony corals and other organisms within the coral
community including black and octocorals, algae, sponges, anemones. Two substrate
groups, sand waves and rhodoliths, were additionally selected for predictive modelling
due to observed trends in their spatial distribution, discussed in Chapter 5. These
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substrates were modelled from tow data only as these categories were not classified in
the RLS data.
To generate a predictive model, Maxent requires the input of continuous data
gridded to matching spatial coverage and resolution. This approach permits the use of
all the terrain variables derived from the integrated bathymetry model presented in
Chapter’s 4 and 5. Backscatter data were not able to be included as the coverage did not
extend to the inner shelf of Lord Howe Island (see Figure 4.1 for coverage).
Additionally, ADCP data were not included as the data were in the form of discrete
points and did not have sufficient coverage across both shelves to generate an
interpolated surface. The BVSTEP results presented in Chapter 5 assisted in identifying
the higher-performing variables to reduce the number of inputs into the model. The final
suite of selected variables included the continuous datasets: depth, range (3x3 m), slope,
rugosity, BPI (25 m window), curvature, aspect eastness and aspect northness; and the
categorical dataset of geomorphology.
Maxent analyses were first performed with all continuous datasets (terrain
variables) using the ‘Crossvalidation’ method with a ‘Raw’ output, to produce a map
representing relative suitability of species distribution over the landscape. The ‘Raw’
output was chosen as it does not apply post-processing which occurs with the ‘Logistic’
and ‘Cumulative’ outputs (Merow et al., 2013). However, as the ranking of relative
suitability is of interest, either ‘Raw’ or ‘Logistic’ outputs could be chosen (Elith et al.,
2011). Analyses were first performed with continuous data and then repeated with the
inclusion of the categorical data (geomorphic interpretation) to determine the influence
of the categorical data on the model. An ‘area under the curve’ (AUC) value is reported
as a measure of model performance, whereby an AUC of 1 is a perfect fit and 0.5 is no
better than random. The strongest performing variables were identified by their ranking
of permutation importance, which is calculated from the difference in the model AUC to
the AUC of a random permutation. Analyses were then performed using the strongest
performing variables with 10 replications with 5000 iterations. The ‘Raw’ output
presents an exponential distribution which represents the averaged raw values, with all
probabilities in the cell values summing to 1. This results in infinitesimally small
numbers on the predicted surface and so, as they are relative values, the outputs are
shown as “High” and “Low” suitability for ease of interpretation. Response curves
presented in the results are the responses to individual variables.
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Model validation was performed through the separation of 20% of the sites
(20% of tow sites and 20% of RLS sites) which were treated as ‘test’ data. Test sites
were randomly selected and included the entire site. This reduces the effects of spatial
autocorrelation which can artificially inflate the model performance if the test data are
sampled from within the same site as the training data. The use of entire sites as test
data rather than a random percentage (subsampled from within the site) ensures the true
independence of the validation data. Due to this validation approach, the number of
observed ‘presence’ records within the test data varies for each organism/substrate
tested. For most organisms and substrates, 15-35% of presence-records were included as
test data from the randomly selected test sites. For rhodoliths and anemones, there were
too few presence records within the test sites (<15%) and for these cases model
validation was instead performed using the ‘Sub-sample’ method (instead of the
‘Crossvalidation’ method used above) in Maxent which selects a random test sample of
20% from within the site data. As explained above, the selection of test data from within
the sample data tows may result in inflated model performance for these cases.
Maxent can tend to overfit the model (Phillips et al., 2006) and to avoid overfitting or under-fitting of the model, the regularisation level, which smooths the model
fit, was adjusted to ensure an appropriate level of smoothing. Modelling was tested with
default regularisation level of 1 and repeated with levels of 0.5 and 5 to compare model
performance (AUC values) and quantify the smoothing impact. In the test example, the
application of reduced smoothing at regularisation 0.5 increased the model fit by 0.008
AUC and the increased smoothing at regularisation 5 reduced model fit by 0.01 AUC.
This variation is within the standard deviation shown through model replication (see
Results). Due to the minimal impact of regularisation, the default value of 1 was
retained. A ‘bias’ file was included to account for the spatial bias in sampling, and is
used to restrict the selection of background points to within 500 m of the sample
locations. This approach constrains the selection of background points to the same data
range as sampled by the study, to regulate predictions outside the observed ranges.
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6.3 Results

6.3.1

Benthic composition and habitat classification for Lord Howe Island shelf
Summary tow statistics are provided in Table 6.1 and representative images

selected from each tow around the Lord Howe Island shelf are presented in Appendix
14. Eight distinct habitats were defined for the Lord Howe Island shelf, presented in
Figure 6.5 and Table 6.2 and are compared to the 10 habitats classified around the Balls
Pyramid shelf in Chapter 5 (Figure 5.9,
Table 5.4). Stony coral-dominated habitats were classified as a distinct category
around Balls Pyramid based on the four images which contained 64-84% of live coral
cover. The maximum coral cover recorded around Lord Howe Island was 64% cover on
the southern fringing reef (Table 6.2). This value was not sufficiently statistically
distinct from the remaining data to form a separate habitat cluster. Similarly, habitats
dominated by ‘other colonisers’ (such as anemones) which were classified around Balls
Pyramid were not defined as a habitat group around Lord Howe Island. The high
abundances of anemones were uniquely observed on the deeper tows around the
southern Balls Pyramid shelf, and similar habitats were not apparent in the tows
collected around Lord Howe Island. The absences of these categories may relate to the
spatial distribution of tow transects, as the modern fringing reef was not sampled around
Lord Howe Island and deeper tows around the Lord Howe Island shelf were restricted
due to weather constraints.
Aside from the two exceptions described above, all other habitat classes defined
around Balls Pyramid were found to occur around Lord Howe Island, with some
variations in constituents. Black and octocoral-dominated communities were classified
and were shown to have the lowest within-group similarity from SIMPER analyses, as
was also observed around Balls Pyramid (
Table 5.4, Chapter 5). Branching soft corals and sea fans were common to both
shelves (Figure 5.9b, c, Chapter 5), with massive soft coral beds uniquely occurring
around Lord Howe Island (e.g. Figure 6.5a). Dense beds of algae occurred as algaldominated reefs (Figure 6.5b), similar to the algal-dominated reefs around Balls
Pyramid which additionally exhibited contributions from stony corals and ascidians.
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Mixed biota remained a large, indistinct cluster category, broadly separated on the basis
of relative “higher” (Figure 6.5c) and “lower” (Figure 6.5d) cover.
Algae were abundant around the Lord Howe Island shelf, occurring as a
dominant contributor (within 90%) across all habitats except sand-dominated and
rhodolith beds. Sparse algal cover on reef, pebbles and sand-inundated reef (Figure
6.5e) were present on both shelves. Similar unconsolidated habitats were observed in
the form of rhodolith beds (biogenic substrates, Figure 6.5f), pebble-dominated (Figure
6.5g) and sand-dominated (Figure 6.5h) habitats. Rhodoliths were more common in the
deeper, outer shelf waters around both shelves. Biogenic substrates also include bivalve
beds, which form reefal constructions as similarly observed around the Balls Pyramid
shelf (Figure 5.9d, g, Chapter 5). Volcanic material was observed in some of the inner
shelf Lord Howe Island tows in the form of black cobbles, which were not observed in
the Balls Pyramid tows.

Table 6.1 Summary statistics for tow data collected around the Lord Howe Island shelf.
Tow

No. stills

45CAM17
46CAM18
NOV01
NOV02
NOV03
NOV04
NOV05
NOV06
NOV07
NOV08
NOV09
NOV10
NOV11
NOV12
NOV13
NOV14
NOV15
NOV16
NOV17
NOV18
NOV19
NOV20
NOV21
NOV22

67
115
35
84
42
40
49
65
46
50
77
58
102
48
45
42
55
31
51
38
48
43
28
28

Depth range
(m)
26 - 38
29 - 44
6 - 14
5 - 25
13 - 22
12 - 20
3 - 11
30 - 37
31 - 35
23 - 30
9 - 29
40 - 60
48 - 58
35 - 38
18 - 33
57 - 58
29 - 38
30 - 34
26 - 35
51 - 53
29 - 32
28 - 35
35 - 51
6 - 16
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Avg. stony coral
cover (%)
4
2
12
3
2
2
5
0
4
3
9
0
0
1
1
0
3
1
11
2
11
22
4
13

Max. stony coral
cover (%)
28
16
52
28
16
20
32
0
24
44
52
4
8
8
8
4
20
12
48
16
24
44
16
64

Figure 6.5 Representative images from habitat classification: a) Black and octocoral-dominated; massive
soft coral beds, inner-shelf reef, 23 m depth; b) Algal-dominated; encrusting and filamentous algae with
bryozoans and ascidans, inner-shelf reef, 33 m depth; c) Mixed biota – Higher cover; tabulate Acropora
sp. with Isopora cuneata, green algaes Caulerpa racemosa, Chlorodesmis sp., encrusting red algaes
Peysonnelia spp. and coralline alage, inner-shelf reef, 11m depth; d) Mixed biota – Lower cover;
branching soft corals (Dendronepthya spp.), sheet-like alage, Halimeda sp., on sand inundated reef, midshelf basins and channels, 50 m depth; e) Sparse algae with sand/pebbles/reef; sand inundated boulders
and cobbles with branching, filamentous and encrusting algaes, inner-shelf reef, 4 m depth; f) Rhodolith
beds; rhodolith beds with sparse algaes, outer-shelf platform, 58 m depth; g) Pebble-dominated; pebble
stones and gravels with sparse filamentous algae, mid-shelf basins and channels, 35 m depth; h) Sanddominated; sand waves, inner-shelf basins and channels, 18 m depth.
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Table 6.2 Habitat classes for the Lord Howe Island shelf with number of stills (n) per class, SIMPER
results of average within-habitat similarity (Sim%), top organism/substrate contributing to variation (up to
≥90%), cumulative contribution (Cumul%).

a

6.3.2

SIMPER: Habitat

n

Sim. %

Black and octocoral
dominated reef

46

57.5

Algae
dominated reef

21

73.5

Mixed biota
– Higher cover

194

65.0

Mixed biota
– Lower cover

303

68.8

Sparse algae with
sand/pebble/reef

109

71.4

Rhodolith beds

163

70.1

Pebble dominated

195

63.7

Sand dominated

256

70.3

Included contributors ≥90% cumulative total

Contributor a
Sand
Macroalgae
Black & Octo
Stony corals
Biogenic
Macroalgae
Sand
Stony corals
Ascidians
Macroalgae
Stony corals
Sand
Sponge
Black & Octo
Macroalgae
Sand
Stony corals
Macroalgae
Sand
Pebbles
Pebbles
Biogenic
Pebbles
Macroalgae
Sand
Pebbles

Cumul. %
41.9
63.3
83.9
88.4
92.6
45.7
61.9
77.0
90.9
35.7
56.8
77.5
89.1
96.7
48.0
88.2
92.4
34.4
65.2
95.7
51.9
93.7
81.0
92.5
65.6
97.2

Comparison of benthic composition on reef geomorphic features
The benthic composition for the subsampled site data for Lord Howe Island is

presented in Table 6.3 together with summary benthic data for the Balls Pyramid shelf
in Figure 6.5. In Figure 6.5, similar trends in benthic composition can be observed over
the geomorphic features for each shelf, with mixed biota colonising the reef features and
unconsolidated sands and pebbles typically dominating the basin features. Scleractinian
corals occur in greatest abundance on the fringing reef around Lord Howe Island and
the upper mid-shelf reef around Balls Pyramid, which demonstrates that scleractinian
coral cover on the mesophotic Balls Pyramid shelf is comparable to the cover observed
in the shallows Lord Howe Island.
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Table 6.3 Average abundance counts within new sites subsampled from each geomorphic feature around
the Lord Howe Island shelf. Black and octocorals abbreviated to “Bl. & Octo” in table.
Sites
LHI-F-1
LHI-IB-1
LHI-IB-2
LHI-IB-3
LHI-IB-4
LHI-IB-5
LHI-IB-6
LHI-IB-7
LHI-IB-8
LHI-IB-9
LHI-IR-1
LHI-IR-2
LHI-IR-3
LHI-IR-4
LHI-IR-5
LHI-IR-6
LHI-IR-7
LHI-IR-8
LHI-IR-9
LHI-IR-10
LHI-IR-11
LHI-IR-12
LHI-IR-13
LHI-IR-14
LHI-IR-15
LHI-MB-1
LHI-MB-2
LHI-MB-3
LHI-MB-4
LHI-MB-5
LHI-MB-6
LHI-MRL-1
LHI-MRL-2
LHI-MRL-3
LHI-MRL-4
LHI-MRL-5
LHI-MRU-1
LHI-MRU-2
LHI-MRU-3
LHI-MRU-4
LHI-MRU-5
LHI-MRU-6
LHI-MRU-7
LHI-MRU-8
LHI-MRU-9
LHI-MRU-10
LHI-OB-1
LHI-OB-2
LHI-OB-3
LHI-OB-4
LHI-OP-1
LHI-OP-2
LHI-OR-1

Rock

Cobble

0.3
0.0
0.1
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.0
1.3
0.5
0.3
0.0
0.4
0.0
0.2
0.0
0.0
2.3
1.1
0.1
0.2
0.0
0.2
0.0
0.0
0.1
2.8
2.9
0.1
2.6
1.4
1.0
0.0
0.5
0.0
0.2
0.2
0.1
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0

0.0
0.0
0.0
0.0
0.0
0.2
0.0
0.0
0.0
0.0
0.1
0.7
0.0
0.0
0.0
0.8
3.0
0.0
0.0
0.1
0.0
0.0
0.0
0.0
0.9
0.1
1.7
0.8
0.0
1.9
0.4
0.1
0.0
0.9
1.1
0.0
0.5
0.0
1.2
0.2
0.1
0.0
0.0
0.0
0.2
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0

Pebble
0.2
1.8
23.9
15.4
15.2
6.2
4.9
11.7
19.3
4.3
0.9
0.5
0.1
0.2
1.7
1.6
10.8
0.4
6.8
0.4
0.3
0.4
0.0
0.4
2.5
22.5
19.7
20.1
23.0
9.0
15.7
14.9
4.5
9.9
8.4
5.2
3.9
0.0
1.1
1.2
0.2
0.4
1.1
1.0
5.2
7.3
16.0
21.5
9.7
20.1
4.3
9.8
0.5

Biogenic
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.5
1.1
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
1.4
0.0
0.0
1.6
0.1
0.1
1.4
0.0
0.3
0.1
1.1
1.5
3.8
0.0
0.2
0.0
0.0
1.5
1.8
2.1
8.9
3.5
13.4
4.7
13.3
11.7
10.5

Sand Macroalgae
1.1
17.0
21.9
1.2
0.3
0.7
9.6
0.0
9.8
0.0
17.0
1.5
18.9
1.0
11.3
1.3
5.6
0.1
20.7
0.0
4.0
15.7
4.1
14.7
15.5
5.8
14.7
7.4
19.0
2.9
0.9
10.3
0.2
8.7
4.6
11.2
7.7
9.4
5.7
15.9
5.9
13.2
7.0
10.5
6.2
10.8
8.2
5.1
4.7
7.7
0.3
0.9
0.4
1.5
2.0
1.3
0.0
2.0
6.4
2.3
6.4
2.3
7.6
1.7
9.8
5.5
6.4
4.5
6.8
4.2
6.7
12.9
5.7
6.3
5.4
6.0
7.7
3.0
5.6
7.4
5.5
9.7
8.3
10.8
10.6
9.0
9.4
12.4
10.7
5.9
6.1
8.5
0.0
0.0
0.0
0.0
1.1
0.8
0.0
0.0
3.1
3.6
1.2
1.5
4.6
7.9
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Stony
coral
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.9
0.0
0.1
0.3
0.3
0.6
0.7
0.2
0.0
0.7
0.2
0.5
3.0
1.1
0.0
0.0
0.2
0.0
0.9
0.0
0.1
0.6
0.1
0.6
0.0
1.5
2.6
2.3
3.1
1.6
2.2
1.9
0.5
0.5
0.2
0.0
0.0
0.0
0.0
0.0
0.0
0.4

Bl. &
Octo
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.8
3.0
1.3
1.4
0.4
0.1
0.3
0.2
0.4
0.2
1.3
0.3
4.1
1.1
0.7
0.1
0.0
0.3
0.0
0.4
0.0
0.1
0.1
0.2
0.1
0.0
1.0
0.4
0.0
3.2
0.7
0.8
0.5
0.0
0.0
0.0
0.1
0.0
0.0
0.2
0.2
0.2
0.0

Sponge
0.1
0.1
0.0
0.0
0.0
0.0
0.1
0.3
0.0
0.0
0.9
0.5
0.8
0.1
0.2
3.7
0.1
2.8
0.3
0.5
2.2
3.9
0.5
0.8
2.8
0.0
0.2
0.1
0.0
2.1
0.0
0.2
2.6
0.1
0.5
0.0
0.9
1.4
0.6
0.9
2.6
0.3
0.8
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.5
0.5
0.1

Other
6.1
0.0
0.0
0.0
0.0
0.0
0.1
0.3
0.0
0.0
0.1
0.4
0.0
0.0
0.5
6.0
0.8
4.8
0.1
1.8
1.4
2.5
2.9
6.4
2.3
0.0
0.0
0.0
0.0
0.2
0.0
0.2
0.4
0.1
0.1
0.0
1.5
6.4
4.3
3.4
3.9
2.2
0.9
0.0
0.6
0.4
0.0
0.0
0.0
0.0
0.0
0.1
1.0

Figure 6.6 Benthic composition per subsample site around the Lord Howe Island and Balls Pyramid
shelves.

PCO analysis of the reef geomorphic features showed the first two principal
coordinates explained 45.1% and 14.6% of variation, respectively (Figure 6.7). Overlain
by ‘Shelf-Geomorphology’, the outer-shelf regions of both Lord Howe Island and Balls
Pyramid are aggregated together, with the inner- and mid- shelves of Lord Howe Island
and Balls Pyramid similarly clustered together (Figure 6.7a). Stony coral composition
appeared to show a gradient increasing in abundance associated with inner- and midshelf reef features (Figure 6.7b). Relating these patterns to the biological vectors
(displaying correlations exceeding >0.75), the separation appears to be driven most
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strongly by biological factors of macroalgae, stony coral and pebble content. The
deeper, outer-shelf reef habitats had a greater content of pebbles whereas the mid- and
inner-shelf reef features had a greater proportion of stony corals and macroalgae.

Figure 6.7 Principal coordinates analysis (PCO): a) plotted by combined factor of ‘ShelfGeomorphology’; b) plotted as bubble plot of stony coral composition with biological vectors with
correlations >0.75 displayed.
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Balls
Pyramid

Table 6.4 PERMANOVA pair-wise analyses for organism/substrate type between the Lord Howe Island
and Balls Pyramid reef geomorphic features.
Lord Howe Island
IS-R
MS-R-U
MS-R-L
OS-P
Geomorphic Unit
MS-R-U
*
**
***
**
MS-R-L
ns
*
*
*
MS-D
ns
ns
ns
*
OS-R
ns
ns
*
*
OS-P
***
***
ns
*
*** p ≤ 0.001; **p ≤ 0.01; * p ≤ 0.05; ns = not significant

PERMANOVA pairwise analysis indicated benthic composition of the upper
mid-shelf reef on Balls Pyramid was significantly different to all reef features on the
Lord Howe Island shelf (Table 6.4). In the PCO plot, the Balls Pyramid upper mid-shelf
reef forms a more compact cluster compared to the Lord Howe Island upper mid-shelf
reef, which indicates greater consistency of biota within the feature, which is also
shown in Figure 6.6. The upper mid-shelf reef on the Lord Howe Island shelf was
significantly different to the upper and lower mid-shelf reefs around Balls Pyramid, and
was not significantly different to the mid-shelf inter-reef depressions and outer-shelf
reef features. The broader spread of the Lord Howe Island upper mid-shelf reef in the
PCO plot indicates that the feature has variable composition, which is similarly
observed with the inter-reef depressions and outer-shelf reefs around Balls Pyramid.
Composition analyses in Figure 6.6 and the PCO bubble plot in Figure 6.7 show that the
upper mid-shelf reef on Balls Pyramid contains a greater composition of stony corals
and other biota compared to the equivalent feature around Lord Howe Island.
The outer-shelf platform around Lord Howe Island forms a distinct feature
statistically different to all reef features around Balls Pyramid, while the outer-shelf
platform around Balls Pyramid shows no statistical difference from the Lord Howe
Island lower mid-shelf reef. PERMANOVA analysis demonstrates that statistically
significant differences in composition occur between the reef features on the two
shelves, and the PCO plot shows the variation present within each feature type.
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6.3.3

Suitability modelling
Suitability modelling for all organisms and substrates identified depth and

geomorphology as the strongest predictor variables (Table 6.5, Figure’s 6.8-6.16).
Surface complexity, either range or rugosity, was also selected for all organisms and
substrates except for sand waves and rhodoliths. East aspect was identified of high
permutation importance for rhodoliths, following depth and geomorphology. Model
performance was overall high for most organisms and substrates, indicating the terrain
variables are sufficient in predicting suitable habitat for the selected organisms and
substrates of interest. The highest AUC was reported for anemone predictions (0.884 ±
0.060) however, this may have been overinflated due to the extraction of test data from
within the tow samples. Lowest model performance occurred for algae (AUC = 0.734 ±
0.017) which is likely due to the ubiquitous nature of algal growth around the shelf. See
Appendix 15 for detailed results.
Modelled suitable coral habitat achieved moderately high model performance
(AUC = 0.835 ± 0.016), with depth shown to be the greatest contributor to permutation
importance (65%), followed by geomorphology (26%). The response curves generated
for stony corals show multiple modal peaks at 0-20 m, 30 m and 45 m depth. These
peaks correspond to the depth distribution of the geomorphic features selected as the
most important features in the categorical response graph in Figure 6.9, which includes
the lagoon, outer-shelf reefs, upper mid-shelf reefs, inter-reef depressions, inner-shelf
reefs and modern fringing reef (listed in order of importance). High suitability for coral
habitat occurs around Lord Howe Island inner shelf along the modern fringing reef, on
the drowned linear fossil reefs on the eastern inner shelf, and in the shallows around the
island coast and nearshore islands and islets. High suitability also occurs on the upper
mid-shelf reef structure, particularly on the inner landward rim of the mid shelf feature.
For Balls Pyramid, high suitability for corals occurs on the submerged reef peaks of
Sunken Rock and adjacent to South East Rock on the southern mid shelf. The southern
outer-shelf reef is also highlighted as suitable habitat, which was shown to contain high
stony coral abundances described in Chapter 5. Overall, the Lord Howe Island shelf
contains a larger proportion of substrate suitable for coral growth than the Balls
Pyramid shelf, with greater availability of shallower substrates which are predicted to be
more suitable relative to the deeper reef structures.
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Figure 6.8 Maxent habitat suitability modelling for stony corals.
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Figure 6.9 Response curves for modelled stony coral habitat suitability with the inclusion of
geomorphology as a categorical variable. Individual response curves for a) depth; and b) geomorphology.
Geomorphic features: lagoon (L); fringing reef (F), inner-shelf basin (IB); inner-shelf reef (IR); mid-shelf
basin (MB), mid-shelf inter-reef depressions (MRD); mid-shelf upper reef (MRU); mid-shelf lower reef
(MRL); outer-shelf basins (OB); outer-shelf platform (OP); outer-shelf reef (OR) and outer-shelf terrace
(OT).
Table 6.5 Results of Maxent suitability modelling. Area under the curve (AUC) and standard deviation
(Std. dev) values are reported.
Organism/Substrate
Selected variables (% permutation importance)
AUC Std. dev
Depth (65%), geomorphology (26%), rugosity (9%)
0.835
0.016
Stony corals
0.023
Black and Octocorals Depth (61%), rugosity (20%), geomorphology (19%) 0.846
Geomorphology (52%), depth (32%), range (16%)
0.836
0.020
Sponges
Depth (52%), rugosity (32%), geomorphology (16%) 0.734
0.017
Fleshy algae
Depth (45%), geomorphology (38%), range (16%)
0.884
0.060
Anemones
Depth (47%), geomorphology (22%), east aspect (16%), 0.779
0.017
Rhodoliths
north aspect (14%)
Depth (90%), geomorphology (10%)
0.815
0.021
Sand waves
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Figure 6.10 Maxent habitat suitability modelling for stony corals without geomorphology included as a
categorical variable.
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The inclusion of geomorphology as a predictor variable improved model
performance. The result of the modelling with the exclusion of geomorphology can be
seen in Figure 6.10. Model performance without geomorphology achieved an AUC of
0.833 with depth identified as contributing 78% importance when all terrain variables
included. Visual assessment of the model output shows the model excluding
geomorphology overestimated the occurrence of coral habitat on the inner-shelf basins
around Lord Howe Island. These errors were resulted from pixelation effects within the
satellite imagery which was used to derive depth for the bathymetry model. This
pixelation resulted in variability between neighbouring cells which subsequently
generated higher surface complexity values.
Predicted suitable areas for black and octocoral, sponges and algae occur in
similar patterns to those predicted for stony corals, with highest suitability occurring
around the fringing reef, inner-shelf reefs, upper mid-shelf reefs and outer-shelf reefs
(Figure’s 6.11-6.13). The high cover of biota observed along the outer-shelf tow on the
southern shelf of Balls Pyramid likely influenced the results to overestimate suitability
of outer-shelf reefs around the remaining shelves. Similarly, peak suitable habitat for
anemones is predicted at a depth band at ~48 m, which is inferred to be based on the
high abundance recorded for anemones in the southern outer-shelf reef tow on the Balls
Pyramid shelf (Figure 6.14).
Suitable areas for sand waves correspond to the inner, mid and outer-shelf basins
and channel features (Figure 6.15). The inner-shelf basins and channels around Lord
Howe Island show the highest suitability, followed by the mid-shelf basins, and to a
lesser extent the outer-shelf platform. Habitat suitability for rhodoliths increases with
depth, in association with the outer-shelf reef and platform features (Figure 6.16).
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Figure 6.11 Maxent habitat suitability modelling for fleshy algae.
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Figure 6.12 Maxent habitat suitability modelling for black and octocorals.
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Figure 6.13 Maxent habitat suitability modelling for sponges.
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Figure 6.14 Maxent habitat suitability modelling for anemones.
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Figure 6.15 Maxent habitat suitability modelling for sand waves.
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Figure 6.16 Maxent habitat suitability modelling for rhodoliths.
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6.4 Discussion:

6.4.1

Spatial patterns of benthic communities
The mesophotic communities around Lord Howe Island were shown to support

similar habitats to those described around the Balls Pyramid shelf with scleractinian
corals common on the mid-shelf fossil reefs and inner-shelf reefs. Statistical
comparisons of the reef features across the two shelves identified the upper mid-shelf
reef around Balls Pyramid as a statistically unique feature, with the inner-shelf reefs
around Lord Howe Island being shown to be statistically similar to the lower mid-shelf
reefs around the two shelves. As only one tow was collected on the modern fringing
reef, it was excluded from PERMANOVA analyses, however the maximum coral cover
recorded on the fringing reef (64%) suggests the communities would be similar to those
observed on the upper mid-shelf reef around Balls Pyramid. The sampling design of this
study focussed on the mesophotic zone and did not capture the regions with the highest
coral cover, which have been reported at maximum values of 51% (Harriott et al., 1995)
and 80% (Veron and Done, 1979) coral cover in the lagoon. These maximum cover
values are comparable to those observed on the Balls Pyramid fossil reef, highlighting
the significance of these fossil reefs as coral habitat. The fossil reef around Lord Howe
Island was shown to be more similar to the lower mid-shelf reef around Balls Pyramid,
which experienced reduced cover of coral and other benthos, however this may be due
to sampling design as adverse weather prohibited more extensive sampling around the
mid shelf. The inner-shelf reefs showed high variation in composition, which aligns
with the findings of previous studies such as Veron and Done (1979) and Edgar et al.
(2010) that highlighted the spatial variation of communities around the island.
A notable characteristic of the benthic communities observed around the shelves
is the balanced nature of mixed benthos. Individual organisms rarely dominated the
benthos, with the exception of algae, and instead a diverse array of stony corals,
sponges, soft corals and algae proliferated. On occasion, organisms did dominate the
benthos, such as the massive soft coral beds around the Lord Howe Island inner shelf
and the whip gardens around the terraces. However, the overall even balance of
organisms and the diversity observed at all depths around the shelf was surprising. This
is in contrast to trends in benthic communities observed at comparable depths around
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the southeast coast of mainland Australia, which often shift to sponge-dominated
beyond 20-30 m depth (Jordan et al., 2010).
Depth and geomorphology have been identified as the strongest variables
relating to benthic distributions for almost all organisms and substrates, which
reinforces the findings of Chapter 5. Of the organisms and substrates modelled, algae
had the weakest model performance, which is attributed to its ubiquitous occurrence
around the shelf. The strongest relationship was observed for anemones, which is
attributed to the method of model validation using sampling from within tows rather
than using independent test samples. Benthic distributions are shown to relate most
strongly to depth and geomorphology from the range of variables available; however
the variation around the shelf is not well captured, which is discussed in greater detail
below in Section 6.4.1. Overall, the modelling product is suitable to deduce broad
patterns in benthic distributions and the results reinforce the conclusions drawn in
Chapter 5 regarding the role of geomorphology in structuring habitats at a broad scale.

6.4.2

Coral distributions in space and time
A key objective of this thesis was to explore whether an understanding of the

past can inform present-day and future management, with specific regard to coral reefs
and the potential for subtropical, mesophotic environments to act as refugia. The
modern distribution of corals has been shown in this chapter, and the previous Chapter
5, to strongly relate to the antecedent topography of the Holocene fossil reefs. The
connection between historical and modern reef growth has been shown through the
identification of the inner reefs around Lord Howe Island and the upper mid-shelf reef
around Balls Pyramid and Lord Howe Island, which represent the latter growth phases
of fossil reef accretion, as the most suitable coral habitat. Modern corals colonise the
topographical highs of the most recent Holocene reef accretion, which provide an
elevated platform with enhanced access to light and complex reef structures for benthic
organisms to colonise. The vertical and areal magnitude of coral growth during the
Holocene far exceeds the thin veneer of corals that are present today. Upon inundation
of the shelf platform with rising sea level during the Mid Holocene, the coral reef
framework that once dominated the benthos shifted to coral communities, which are
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characterised by a balanced composition of tropical- and temperate-associated
organisms.
Pandolfi and Kiessling (2014) provide an in-depth discussion of the application
of fossil reef studies to our understanding of future reef responses to climate change.
They highlight key issues relating to the faster rate of climate change experienced by
modern-day reefs which is unprecedented in historical data, and the additional impact of
ocean acidification which was not apparent during climate changes in the Pleistocene.
These discrepancies limit direct inferences of future coral reef response, however,
despite their limitations, the fossil record remains to be the only analogue to which
modern reefs can be compared. Without an understanding of the evolutionary history of
fossil reef accretion, the true magnitude of vertical coral reef accretion possible under
suitable conditions would not be truly appreciated. Furthermore, without understanding
the past geographical boundaries of fossil coral extents, the true limitations of reef
development would not be realised. Coupling historical data with modern investigations
provides context valuable for predicting future reef responses. For Lord Howe Island
and Balls Pyramid, the evidence of substantial historical reef accretion together with
evidence of abundant modern coral cover creates a deeper appreciation of the region’s
capacity for coral reef development, both temporally and spatially.

6.4.3

Limitations of study and recommended areas of future research:
The most significant limitation noted in this study is the inability to capture

shelf-wide variations within geomorphic features, which resulted in both over- and
under-estimation of habitat suitability. Presence records of stony corals on the southern
outer-shelf tows around Balls Pyramid inflated the suitability of this feature as coral
habitat elsewhere around the two shelves where corals were not apparent (such as the
northern outer-shelf reef around Balls Pyramid). Similarly, coral suitability was
modelled as high around the southern inner-shelf reefs around Lord Howe Island, which
are known to be algal dominated (Hoey et al., 2011). Although modelling identified
suitable habitat in regions which currently don’t support scleractinian corals, the
geophysical characteristics exist which could theoretically support corals under suitable
conditions. Species-level analyses are likely required to identify the factors responsible
for finer scale variability in geographic distributions.
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The inclusion of geomorphology as a variable was shown to greatly improve the
accuracy of modelled outputs. The introduction of the geomorphic map corrected for
errors associated with the generation of the bathymetric model, which were more
apparent when depth-alone was used. These errors occurred around the Lord Howe
Island inner shelf as a result of pixelation within the satellite imagery used to derive
depth, which resulted in higher surface complexity values and subsequently high
suitability estimates. Such errors were able to be disregarded by the user during manual
definition of the geomorphic features undertaken in Chapter’s 3 and 4.
The parameters for Maxent processing were carefully considered to ensure the
appropriate settings were used. To optimise model validity, replications were performed
(10 replicates), validation data were selected from sites excluded from the training data
to ensure statistical independence, spatial bias of sampling was accounted for with a
bias grid, and the regularisation level was tested prior to selection. AUC values were
reported to provide comparative measures of model performance, and while the use of
AUC is a standard measure of model validation, caveats have been raised regarding its
application to assessing model performance (e.g. Lobo et al., 2008). Therefore overall
model effectiveness in this study was judged on correlation to benthic patterns reported
within the literature, trends reported in previous chapters from the data collected within
this study and the author’s knowledge of the input datasets.
George E. Box is famously quoted as stating “all models are wrong, but some
are useful” (Box, 1979). Despite the limitations discussed above, the modelled products
provide a valuable information resource for marine managers of this high conservation
region. Maxent modelling was effective in ranking areas of the shelf in terms of
suitability for corals and other benthic organisms, and highlighted key areas around the
shelf which offer the greatest potential as coral refugia. The important role of
geomorphology and depth in structuring communities on a broadscale was emphasised,
as well as the importance of the mesophotic zone in supporting diverse and abundant
biota. These suitability maps can be used by managers to guide decision-making
processes around future survey sample design and ongoing monitoring locations. The
most useful application of the models is captured by Merow et al. (2013), who advises
that Maxent is most useful for asking better questions as opposed to answering them.
True to this statement, the results of this study generate a multitude of new hypotheses
that warrant further exploration of coral habitat in this region.
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It is recommended that future studies focus on deciphering the variation
exhibited within features around the shelf, which is challenging as these variations
would be driven by a complex combination of biological and environmental variables
that are difficult to capture as continuous, high resolution spatial layers. Acquisition of
oceanographic datasets, such as currents, temperature and light availability, is strongly
recommended as these parameters may better explain spatial variations in benthic cover
around the shelf. Obtaining these layers at resolutions comparable to the terrain
variables is difficult, and the inclusion of such data may not significantly enhance the
predictions as Bridge et al. (2012b) found that Maxent models based on geophysical
variables generally outperformed environmental variables. Further studies cataloguing
the deeper-water coral species and investigating genetic connectivity around the shelves
are strongly recommended. Ongoing monitoring of sites with high coral cover is
recommended to detect potential changes in the proportions of coral over time.

6.4.4

Implications for management
This study confirms the mesophotic shelves around Lord Howe Island and Balls

Pyramid support diverse coral communities with ample suitable coral habitat available.
The extensive mid-shelf fossil reefs and abundant scleractinian corals evident on the
two shelves demonstrate the capacity of this marginal environment to support
substantial coral growth and highlights it’s potential to sustain extant coral populations
and act as a climate refugia. The characterisation of mesophotic communities
contributes toward local knowledge of the diversity of habitats around the shelves, and
additionally contributes to global knowledge of the composition of MCEs at high
latitudes, of which there have been few studies.
Habitat suitability mapping identified the inner-, mid- and outer-shelf reefs as
suitable coral habitat, in addition to the modern fringing reef and lagoon. The
identification of geomorphology as a top variable in the suitability mapping of all
organisms and substrates reinforces the results of the preceding chapters which
highlight the influence of geomorphology in structuring benthic patterns. The
integration of the terrain and biological datasets enables a holistic approach to the
management of benthic communities and the knowledge of the inter-relationships
gained through these investigations can inform future decision-making processes. The
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classification of benthic habitats and the extrapolation of localised trends to create
suitability maps feeds directly into the management needs identified by marine park
managers (NSW Marine Parks Authority, 2010a).
Fortunately, the region is well-protected by marine reserves, and 47% of the Balls
Pyramid shelf is protected by marine sanctuary. Furthermore, the remote nature of the
Balls Pyramid region hinders accessibility which subsequently reduces anthropogenic
pressures. Less of the shelf area around Lord Howe Island is protected, and this was
identified as an issue during the zoning review process (NSW Marine Parks Authority
2010a). Of the shelf area around Lord Howe Island, the southeast shelf is the only area
protected (Figure 2.4b) and this had previously been the region of the shelf with the
scarcest data, due to difficulties with access due to high exposure to winds and swell.
This study mapped this southeast region and has uncovered the detailed structure of the
seafloor through bathymetric mapping and has revealed high occurrence of stony corals
on the landward rim of the mid-shelf fossil reef. Due to the high level of protection for
this region, it is promising that abundant benthic organisms are recorded within the
mesophotic zone and furthermore, that the mesophotic substrates predicted as suitable
substrate for all organisms. The suitability maps generated by this study can be used to
inform long-term monitoring locations to detect changes in coral cover over time and
shifts in dominant assemblages.
Due to the influence of the EAC in facilitating growth in this region and given
the strengthening of warm-water currents occurring and predicted for the EAC (Suthers
et al., 2011), this marginal location may provide a useful refugia for corals into the
future. The high protection status afforded to this location maximises the chances of
coral survival as direct anthropogenic stressors are limited. The implications of these
findings are limited in their application to neighbouring subtropical reefs as the
environmental conditions that facilitate coral growth in the Lord Howe region are
unique to this area. However, the findings demonstrate marginal environments should
not be underestimated in their capacity for coral growth. New coral species have been
observed on the Solitary Islands (Baird et al., 2012) and the coral communities are
strongly associated with the EAC (Harriott et al., 1994). Subtropical coral communities
along the Australian mainland, such as Solitary Islands, and oceanic islands, such as
Norfolk Island and Easter Island, are key regions to monitor for potential increases in
coral cover and shifts in community assemblages into the future.
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6.5 Conclusions
The key findings of this chapter are as follows:
1. Similar habitats occur across the two shelves, with Balls Pyramid additionally
including habitats dominated by stony corals and other colonisers, including
anemones and urchins
2. Benthic composition of the Balls Pyramid upper mid-shelf was statistically
unique, with the Lord Howe Island upper-reef statistically similar to the interreef depressions and outer-shelf platform around Balls Pyramid, indicating
reduced benthic cover relative to the Balls Pyramid mid-shelf fossil reef
3. Highest coral habitat suitability was predicted around the inner-shelf reefs, upper
mid-shelf reef features and outer-shelf reefs in addition to the modern fringing
reef and lagoon
4. Extensive mesophotic fossil reefs provide ample suitable coral habitat available
to support potentially increased coral populations and southern range expansion
of coral reefs
5. Abundant scleractinian corals colonising the mesophotic shelf provides evidence
in support of the mesophotic shelves as suitable refugia substrates for extant
coral populations.
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7

Chapter 7
Synthesis

The fossil reef record provides important information about the dynamics that
underpin modern reef systems (Montaggioni and Braithwaite, 2009; Pandolfi and
Kiessling, 2014). This is in spite of the unprecedented challenges facing contemporary
reefs that are unmatched by conditions experienced in the past (Hoegh-Guldberg, 2012).
Predicting global coral reef response is an infinitely complex problem, with
heterogeneity at all spatial and temporal scales. Coral reefs will likely survive as
geomorphic landforms, though dramatic alterations will occur for ecological
communities (Kench et al., 2009). Ecological communities may adapt in situ, shift their
geographical distributions, or risk extinction (Pandolfi and Kiessling, 2014).
The first stage of this thesis was to investigate the past response of reefs at the
latitudinal limit of reef formation in the Pacific. Past geographical range expansions of
coral reefs into higher latitudes have occurred under warming conditions during the Last
Interglacial and Holocene (Szabo, 1979; Veron, 1992; Collins et al., 1996; Greenstein
and Pandolfi, 2008; McCulloch and Mortimer, 2008; Woodroffe et al., 2010). Evidence
presented in Chapter’s 3 and 4 provides the first documented record of the southern
expansion of Holocene reefs to the Balls Pyramid shelf. Extensive fossil reefs were
identified on the submerged platform from the high resolution bathymetry model
produced for the shelf in Chapter 3. Mid-shelf reefs (87 km2) dominated the shelf in 3050 m depth. Reef development was most pronounced on southwest shelf, with reduced
development dissected by paleobasins and channels on the northeast shelf. Outer-shelf
reefs (10.8 km2) occurred around the outer-shelf platform in 45-56 m depth, with
terraces on the outer-shelf rim in 65-100 m depth.
Radiocarbon ages of corals extracted from the upper few metres of the mid-shelf
reef, presented in Chapter 4, indicate the reef accreted during the Early Holocene
postglacial transgression at 10.1-8.8 ka. With minimal shallow substrate available, it
appears the reef was unable to vertically track sea-level rise and subsequently drowned.
Additional radiocarbon ages obtained for the Lord Howe Island shelf fossil reef (8.7-8.4
ka) were consistent with existing data, and a new bathymetric model and geomorphic
interpretation of the shelf were produced to compare with the Balls Pyramid shelf data.
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In comparing shelf geomorphology, the greatest differences were apparent around the
inner shelves, where Lord Howe Island has a greater proportion of the shelf within <30
m depth than occurs around Balls Pyramid. Reef, basin and channel features around the
inner- and mid-shelves are larger and more pronounced than around Balls Pyramid. The
area of the mid-shelf fossil reef around Lord Howe Island (156 km2) was almost twice
the size of the fossil reef around Balls Pyramid (87 km2), however both reefs comprised
a similar proportion of the shelf area (30.9% and 33.3%, respectively). The reduced
spatial extent of fossil reef accretion around Balls Pyramid is attributed to the absence
of shallow substrate more so than environmental conditions as substantial coral growth
was apparent during the Early Holocene which demonstrates the capacity for extensive
reef accretion under suitable sea-level and climate conditions. The discovery of fossil
reefs around Balls Pyramid provides the first evidence of coral reef development south
of Lord Howe Island, and forms the southernmost known extent of Holocene reef
growth in the Pacific Ocean.
The second stage of this thesis was to investigate the distribution of modern corals
and other benthic organisms on the mesophotic shelves around Balls Pyramid and Lord
Howe Island. Warming sea-surface temperatures are intensifying the East Australian
Current (Suthers et al., 2011) resulting in range shifts of marine species, including some
Acropora spp. (Baird et al., 2012). Poleward range shifts of corals are also being
observed in Japan and the Gulf of Mexico, leading to the suggestion that coral reefs
may re-expand their ranges poleward as they had in the past (Precht and Aronson, 2004;
Yamano et al., 2011). These higher latitude areas have also been suggested as refugia
for extant corals, in addition to mesophotic reefs (Glynn, 1996; Riegl and Piller, 2003;
Bongaerts et al., 2010). Higher-latitude mesophotic reefs are poorly understood and
very few studies have investigated the role of these environments in supporting
scleractinian corals (e.g. Venn et al., 2009; Rooney et al., 2010). Data presented in
Chapter’s 5 and 6 provide a case study for subtropical, mesophotic reefs in the South
Pacific Ocean. Mesophotic coral communities around Balls Pyramid are described in
Chapter 5 and the communities around Lord Howe Island are described and compared
to Balls Pyramid in Chapter 6. Information presented in these chapters contributes
toward a large knowledge gap in our understanding of the distribution and composition
of higher-latitude mesophotic reefs.
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The mesophotic shelf around Balls Pyramid, described in Chapter 5, is shown to
support diverse habitats with high scleractinian coral cover (up to 84% cover) and deep
depth distributions (up to 86 m depth). Stony corals were dominated by encrusting
morphologies, mixed with abundant fleshy algae, coralline algae, black and octocorals
with sand veneers. Stony corals predominantly occurred in 30-40 m depth on the midshelf reefs, although up to 52% stony coral cover was recorded on the outer-shelf reef at
63 m depth. The deep distribution of stony corals and the high cover evident at such
depths demonstrates that adequate light is available around the shelf to support the
survival of photosynthetic-dependent corals. The mesophotic and shallow communities
around Lord Howe Island were similar to those observed around Balls Pyramid.
Scleractinian corals formed a common constituent of communities around the Lord
Howe Island mesophotic shelf, with greatest coral cover observed on the fringing reef
(64%). Live coral cover on the mid-shelf fossil reef was generally reduced relative to
the cover on the Balls Pyramid upper fossil reef, however this may be attributable to
sampling locations around the Lord Howe Island mid- and outer- shelf. The prevalence
of scleractinian corals and diverse communities observed support the emerging narrative
of mesophotic coral ecosystems globally which indicate coral communities extend far
beyond the perceived optimal shallow depths (Kahng and Maragos, 2006; Rooney et al.,
2010; Bridge et al., 2012a; Kahng et al., 2014).
The final stage of the thesis was to predict areas of suitable coral habitat around
the shelves to identify areas of potential refugia. Analyses were undertaken in Chapter 6
to explore the relationships between the biological and environmental datasets produced
throughout the thesis. Depth and geomorphology arose as key variables contributing to
broadscale benthic patterns, and the inner-, mid- and outer-shelf reefs were highlighted
as suitable areas for scleractinian corals. These results reaffirmed the association
between modern coral growth and the underlying geomorphology and demonstrates the
usefulness of past reef accretion in informing future trends. Variation inherent within
geomorphic features around the shelf were not well explained by the variables used in
this study and are likely attributable to the complex oceanographic circulation around
the shelf which has been shown to be highly spatially and temporally variable.
The overarching aim of this thesis was to assess the potential of the mesophotic
shelf as suitable substrate for present-day coral refugia and future expansion. The
occurrence of dense coral communities around the two shelves provides evidence in
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support of the hypothesis that the shelf substrates could act as a refugia for extant coral
populations. Ample submerged reef features are available as suitable coral habitat,
should future conditions promote increased coral populations. The mesophotic shelves
clearly receive sufficient light and suitable temperature conditions to support abundant
coral growth. Vertical reef-building framework of modern corals was not apparent
around Balls Pyramid, although there may be areas on the shelf where this is the case.
The veneer of modern corals around the Balls Pyramid and Lord Howe Island
mesophotic shelves is impressive, although it is reduced compared to the extent of past
accretion and modern reef-building communities known to occur on the fringing reef
and lagoon around Lord Howe Island.
This study uses habitat-scale and organism-scale analyses to address questions of
coral reef refugia and expansion in a mesophotic, subtropical setting. Coral
identifications were limited to morphology by the author’s knowledge of coral
taxonomy; however, it is strongly recommended that genus- and species- level
classifications be a focus of continued research. Genus-level identification performed on
still images and species-level coral identification from coral specimens will allow for
the characterisation of coral assemblages and may lead to the discovery of new species.
Assemblage analyses will enable a more detailed comparison of shallow and
mesophotic ecosystems between the two shelves and regional coral reefs. It is also
recommended that future studies focus on the reproductive mode (broadcast spawning
or brooding), fecundity and recruitment success of coral species. Such information will
better inform an assessment of the likelihood of whether the shelves will maintain and
increase coral populations. Genetic analyses will allow for an assessment of
connectivity between: shallow and mesophotic reefs; shelf regions; and regional reef
systems of the Great Barrier Reef and mainland coral communities.
Information on larval type and dispersal could be coupled with oceanographic
models and climate scenarios to predict the exchange and survival of larvae between the
Great Barrier Reef, Lord Howe Island and Balls Pyramid. The acquisition of higher
resolution oceanographic data would be ideal, as this would enable the modelling of
complex interactions of upwelling bottom currents, intermediate water masses and
surface currents around the two shelves. High resolution environmental datasets coupled
with species-level data and reproductive modes would allow for shelf-wide modelling
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of vertical and lateral connectivity. This could be used to model larval exchange at the
shelf-scale and predict likely areas for larval establishment.
The datasets produced in this thesis are intended to provide a baseline habitat
assessment to support management of this World Heritage site and marine protected
area. The high resolution bathymetry model and geomorphic interpretations reveal the
complexity and geodiversity of the seascape, which can help managers to plan
monitoring locations and structure survey design. Understanding the broad structural
shelf features assists with the stratification of sampling for future surveys and enables
balanced and representative data collection. Classification of benthic composition and
habitats provides an understanding of the diversity of biota colonising the mesophotic
shelf. This data can be related to studies of the pelagic environment to explore trends in
fish assemblages with the seafloor terrain and benthos. Ongoing monitoring of high
coral-cover regions of the mid-shelves is recommended to determine potential changes
in coral cover over time.
From a long-term geological perspective it seems these mid-ocean shelves emerge
as suitable candidates for corals expanding their geographical ranges, and may
ultimately support modern coral reefs. From a short-term ecological perspective, the
extant corals colonising the shelves may survive the immediate effects of current
climate change and may persist as a modern-day refugia. To further address the
potential of the shelves as refugia, more extensive studies are required to determine
species assemblages, genetic connectivity, reproduction modes and recruitment
potential. The pace of change may be too rapid for corals to acclimate, and the observed
shifts in the geographical distribution of species indicate some species may be more
adaptable (Yamano et al., 2011; Baird et al., 2012). It is imperative that baseline and
monitoring surveys be performed in subtropical, mesophotic settings to establish a
reference state upon which ecosystem shifts can be detected. The subtropical,
mesophotic reefs and communities around Balls Pyramid and Lord Howe Island may
offer some hope for corals under dire climate change scenarios, but only time will tell if
this hope comes to fruition.
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Appendix 1: Detailed methodology for empirically derived depth for
the Ball Pyramid shelf

Correction for atmospheric interference
The Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes algorithm
(Berk et al., 1989; Matthew et al., 2000) was used to correct for atmospheric
interference, performed using ENVI v4.8. This algorithm adopts the MODTRAN4
radiation transfer model to remove the contributions of atmosphere from the spectral
reflectance. A Mid-Latitude model was used with initial visibility adjusted to 80 km.

Corrections for sun glint effects
Corrections for sun glint were undertaken on the atmospherically corrected
image using the methodology of Hedley et al. (2005, Equation 1). This method achieved
deglinting by using the Near Infra-Red (NIR) band to approximate the contribution of
specular reflection from the water surface, and subtracting this from the reflectance in
each individual image band as follows:

𝑅𝑅′𝑖𝑖 = 𝑅𝑅𝑖𝑖 − 𝑏𝑏𝑖𝑖 (𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁 − Min𝑁𝑁𝑁𝑁𝑁𝑁 )

(Equation 1)

Where: 𝑅𝑅𝑖𝑖 is the individual band i; 𝑏𝑏𝑖𝑖 is regression slope of the individual band value

plotted against the NIR value; 𝑅𝑅𝑁𝑁𝑁𝑁𝑁𝑁 is the NIR band; and Min𝑁𝑁𝑁𝑁𝑁𝑁 is the ambient NIR
level.

To calculate the slope product, a subset of the blue, green and NIR bands were
extracted from a region of interest (ROI). The ROI was defined by from a representative
area which demonstrated a range of glint intensities. Values from extracted blue and
green subsets were plotted against the NIR band subset to determine slope values (135
370 for BP). The subset was extracted from one ROI area within each image, as this
produced a stronger correlation. Extraction of data from multiple ROI’s produced data
clusters that expressed similar slopes within the regression, though the spread of data
reduced the overall fit of the linear regression. Using the slope value of the band ratios
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from the ROI subset, Equation 1 was used with the minimum NIR value derived from
NIR subset.

Depth estimation
The methodology described in Stumpf et al. (2003, Equation 9) was used to
estimate depth from the satellite imagery. This approach functions independent of
bottom type by using a ratio transform to measure the relative attenuation of light
through the water column for individual bands.

𝑍𝑍 = 𝑚𝑚1

ln�𝑛𝑛𝑅𝑅𝑤𝑤 (𝜆𝜆𝑖𝑖 )�

ln�𝑛𝑛𝑅𝑅𝑤𝑤 �𝜆𝜆𝑗𝑗 ��

− 𝑚𝑚0

(Equation 2)

Where: 𝑚𝑚1 is a tunable constant to scale the ratio to depth; R w is the individual band
reflectance; i and j are band wavelengths where i is the shorter wavelength; n is a fixed
constant for all areas, and 𝑚𝑚0 is the offset for a depth of 0 m (Z = 0).
This approach correlates reference depth points against the ratio of reflectance
for the blue and green bands. Reference depth points for the Balls Pyramid shelf
(57,269 points) were sourced from the new multibeam data presented in Chapter 3.
Band ratio values were plotted against known depths to generate a relationship function,
which was then applied across the entire band ratio rasters using Raster calculator to
generate a continuous surface of estimated depth. The optimal correlation for the Balls
Pyramid Quickbird image was achieved using a linear function (R2=0.44). The
Quickbird image experienced severe sun glint and this hindered the success of the
correlation. Furthermore, reliable known depth points for Balls Pyramid existed for only
a narrow depth range of 26-38 m depth.

Accuracy assessment
A Mean Absolute Error (MAE) accuracy assessment was performed (Willmott,
1982) using areas of the new multibeam data which overlap the calculated depth
(excluding depth points used to derive depth). A MAE value of 2.36 was calculated.
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Residual values for each point in subsample dataset were plotted to visually assess the
areas of greater error. Errors appeared to be greatest in bathymetric depressions, where
the calculation appeared to over or underestimate the gradient of depth. These
depression areas were areas of lower relative depth rather than a discrete depth interval,
and therefore could not be removed from the calculation surface. Depth was derived
down to 39 m, and this was clipped to 35 m for input into the bathymetry model, which
was determined an appropriate depth based on the reference point calibration.

182

Appendix 2: Photograph of drill core rig deployed from R.V. Southern
Surveyor
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Appendix 3: Drill core logs collected aboard the R.V. Southern
Surveyor
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189

190

191

192

193

194

Appendix 4: Photographs of coral samples extracted for radiocarbon
age analysis
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Appendix 5: Results of X-Ray Diffraction (XRD) analyses

Core

Shelf

Sample
depth (R)

09RC01

BP

0.08 - 0.09

ID

Phase

97
10

Aragonite
Calcite 1
High Mg
Calcite
Aragonite
Calcite 1
High Mg
Calcite
Aragonite
Calcite 1
High Mg
Calcite
Aragonite
Calcite 1
High Mg
Calcite
Aragonite
Calcite 1
High Mg
Calcite
Aragonite
Calcite 1
High Mg
Calcite
Aragonite
Calcite 1
High Mg
Calcite
Aragonite
Calcite 1
High Mg
Calcite
Aragonite
Calcite 1
High Mg
Calcite

48
18RC02

BP

0.22 - 0.225

97
10
48

18RC02

BP

0.87 - 0.88

97
10
48

19RC03

BP

0.065

97
10
48

21RC05

BP

0.715

97
10
48

21RC05

BP

1.28 - 1.30

97
10
48

42RC08

BP

0.59

97
10
48

44RC10

LHI

0.38

97
10
48

1.12 - 1.19

97
10
48
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Batch 1
Contrast
Chi
correct
squared
weight (%)
92.6
2.09
1.5
5.9
97.8
0.6

1.8
1.93

1.6
87.6
1.1

98.5
0.5

2.09

1
2.35

11.3
97.8
0.6

Batch 2
Contrast
Chi
correct
squared
weight (%)
2.2
97.8
0.5

85
1.2

2.47

13.8
1.93

1.6
99
0.4

1.87

0.6
98.2
0.4

1.9

1.5
85.4
1.3

2.36

13.3
97.2
0.7

10.2
1.93

2.1
96.6
0.6
2.8

89.0
0.8

2.11

2.43

Appendix 6: Methodology for empirically derived depth for the Lord
Howe Island shelf
The detailed methodology outlined in Appendix 1 for the estimation of depth
from Quickbird imagery of the Balls Pyramid shelf was applied to World View II
imagery of the Lord Howe Island shelf. Processing details which specifically relate to
the depth estimation of the Lord Howe Island shelf is provided below.

Correction for atmospheric interference
The Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubes algorithm
(Berk et al., 1989; Matthew et al., 2000) was used to correct for atmospheric
interference, performed using ENVI v4.8 using the settings outlined for the Balls
Pyramid shelf in Appendix 1.

Corrections for sun glint effects
Corrections for sun glint were undertaken on the atmospherically corrected
image using the methodology of Hedley et al. (2005, Equation 1), outlined in Appendix
1. From the region of interest, 49,157 points were extracted from the blue and green
bands to plot against the NIR and correct for sun glint effects.

Depth estimation
The methodology described in Stumpf et al. (2003, Equation 9), outlined in
Appendix 1. Reference depth points for the Lord Howe Island shelf (20 193 points)
were sourced from multibeam data (Brooke et al., 2010) in offshore areas and from the
high resolution depth model produced by Mleczko et al. (2010) in inshore areas. A
strong correlation was achieved using a Power function (R2=0.98). The World View II
image experienced minimal sunglint and had known depth data across a broader range
of values (from 0.6-46 m depth), which improved the accuracy of depth estimation.

Accuracy assessment
A Mean Absolute Error (MAE) accuracy assessment was performed (Willmott,
1982) and a MAE of 2.18 was calculated for the Lord Howe Island shelf.
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Appendix 7: Coverage of sub-bottom profile data collected aboard the
R.V. Southern Surveyor in 2008 and 2013
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Appendix 8: Photographs of Geoscience Australia Shallow Underwater
Camera Model 2 towed underwater camera system deployed from R.V.
Southern Surveyor

Images by Bruce Barker (Voyage Manager, CSIRO)
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Appendix 9: Benthic categories (modified CATAMI nomenclature)
Level 1
Rock/Boulder
Cobbles
Biogenic substrate

Level 2

Level 3

Bivalve beds
Rhodoliths
Pebble/gravel
No waves
Waves/ripples
Sand/mud
Sand veneer
No waves
Waves/ripples
Macroalgae
Calcareous - Branching
Calcareous - Encrusting
Fleshy – Branching
Fleshy – Encrusting
Fleshy - Other
Black &
Octocorals
Branching - Fleshy
Branching - Non-Fleshy
Branching - Other
Encrusting
Fan
Massive
Organ pipe coral
Whip
Stony corals
Branching
Digitate
Encrusting
Foliose
Massive
Solitary
Sub-massive
Tabulate
Sponges
Crust
Erect forms
Hollow forms
Massive forms
Other colonisers
Hydrocorals
Hydroids
True anemones
Tube anemones
Ascidians
Bryozoans
Feather stars
Sea urchins
Unknown
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Code
HD_RB_123
HD_CB_123
SO_B_TO_12
SO_B_B_3
SO_B_R_3
SO_P_TO_12
SO_P_NW_3
SO_P_W_3
SO_S_TO_12
SO_S_V_3
SO_S_NW_3
SO_S_W_3
M_TOT_12
M_B_C_3
M_E_C_3
M_B_F_3
M_E_F_3
M_Oth_F_3
BO_TOT_12
BO_B_F_3
BO_B_NF_3
BO_Ot_3
BO_E_3
BO_F_3
BO_M_3
BO_Or_3
BO_W_3
STC_TOT_12
STC_B_3
STC_D_3
STC_En_3
STC_F_3
STC_M_3
STC_So_3
STC_SM_3
STC_T_3
S_TOT_12
S_C_3
S_E_3
S_H_3
S_M_3
OC_TOT_12
OC_Hyco_23
OC_Hydr_23
OC_Anem_23
OC_Tube_23
OC_Asc_23
OC_Bry_23
OC_Fea_23
OC_Urc_23
OC_Unk_23

Appendix 10: ADCP data corresponding to tow locations around the
Balls Pyramid shelf
Eastward (u) and northward (v) current values acquired from the onboard ADCP were
attributed to the nearest tow data (one value per tow). The depth interval closest to the
depth of the tow was selected, with selected values shown in bold. Depth colours
correspond to increasing depth interval from shallow (orange) to deep (blue).
Code
MRD 1, MRL 1, 2

MRL 3, MRU 1

MRL 4

MRD 4, MRL 5

MRL 6, 7, 8
MRL 9, MB 6

MRD 2

MRD 3

MRD 5

MRD 6

MRD 7

MRD 8

MRU 2

MRU 3

MRU 4

MRU 5

Latitude
-31.74468
-31.74468
-31.74468
-31.74468
-31.77935
-31.77935
-31.77935
-31.77935
-31.79294
-31.79294
-31.79294
-31.79294
-31.79182
-31.79182
-31.79182
-31.79182
-31.78438
-31.78438
-31.7925
-31.7925
-31.7925
-31.7925
-31.77814
-31.77814
-31.77814
-31.78948
-31.78948
-31.78948
-31.78948
-31.82566
-31.82566
-31.82566
-31.82566
-31.81577
-31.81577
-31.81577
-31.81577
-31.81724
-31.81724
-31.81724
-31.81724
-31.77382
-31.77382
-31.77382
-31.78006
-31.78006
-31.78006
-31.78168
-31.78168
-31.78168
-31.78272
-31.78272
-31.78272
-31.78272
-31.77889
-31.77889
-31.77889

Longitude
159.21231
159.21231
159.21231
159.21231
159.22321
159.22321
159.22321
159.22321
159.23262
159.23262
159.23262
159.23262
159.23142
159.23142
159.23142
159.23142
159.3202
159.3202
159.29162
159.29162
159.29162
159.29162
159.22545
159.22545
159.22545
159.23071
159.23071
159.23071
159.23071
159.24671
159.24671
159.24671
159.24671
159.25779
159.25779
159.25779
159.25779
159.25713
159.25713
159.25713
159.25713
159.27183
159.27183
159.27183
159.22442
159.22442
159.22442
159.22703
159.22703
159.22703
159.22854
159.22854
159.22854
159.22854
159.2239
159.2239
159.2239

Date
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
12/02/2013
12/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
12/02/2013
12/02/2013
12/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
12/02/2013
12/02/2013
12/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
12/02/2013
12/02/2013
12/02/2013

Depth
21.5
29.5
37.5
45.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
45.5
21.5
29.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
21.5
29.5
37.5
21.5
29.5
37.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
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Bin
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

U Ship m/sec
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.31
0.35
0.35
0.35
0.35
0.15
0.15
0.15
0.15
-0.7
-0.7
0.26
0.26
0.26
0.26
0.48
0.48
0.48
-0.29
-0.29
-0.29
-0.29
0.36
0.36
0.36
0.36
-0.2
-0.2
-0.2
-0.2
-0.22
-0.22
-0.22
-0.22
0.41
0.41
0.41
0.39
0.39
0.39
0.43
0.43
0.43
0.46
0.46
0.46
0.46
0.48
0.48
0.48

V Ship m/sec
-0.13
-0.13
-0.13
-0.13
-0.36
-0.36
-0.36
-0.36
-0.43
-0.43
-0.43
-0.43
-0.46
-0.46
-0.46
-0.46
0.05
0.05
-0.45
-0.45
-0.45
-0.45
0.29
0.29
0.29
-0.22
-0.22
-0.22
-0.22
-0.27
-0.27
-0.27
-0.27
-0.51
-0.51
-0.51
-0.51
-0.53
-0.53
-0.53
-0.53
0.1
0.1
0.1
-0.28
-0.28
-0.28
-0.29
-0.29
-0.29
-0.36
-0.36
-0.36
-0.36
0.38
0.38
0.38

U m/s
0.022
0.072
-0.001
-0.004
0.165
0.089
0.06
-0.013
0.093
0.047
-0.004
-0.064
0.14
0.125
0
0.027
0.094
0.119
-0.018
0.02
0.01
-0.029
0.245
0.042
-0.015
0.192
-0.021
0.073
0.052
-0.108
0.023
0.025
-0.003
-0.145
-0.135
-0.012
-0.049
-0.192
-0.122
-0.013
-0.053
-0.454
-0.23
-0.172
0.165
0.062
0.055
0.137
0.031
0.012
0.122
0.048
0.026
-0.011
0.207
0.116
0.005

V m/s
0.049
0.026
0.007
-0.029
-0.078
-0.092
-0.016
-0.031
-0.085
-0.079
-0.038
-0.047
-0.07
-0.143
0.004
-0.076
0
-0.007
0.059
-0.027
-0.039
0.015
-0.105
0.056
0.025
-0.094
-0.075
-0.035
-0.088
-0.202
-0.164
-0.007
-0.04
0.124
-0.082
-0.049
0.029
0.117
-0.161
-0.007
0.031
-0.177
-0.163
-0.056
-0.124
-0.048
-0.015
-0.027
-0.005
-0.054
0.009
-0.014
0.023
-0.021
-0.088
0.043
0.019

MRU 6

MRU 7

MRU 8

MRU 9

MRU 10

MRU 11

MRU 12

MRU 13, MB 5
MRU 14

MRU 15, 16
MB 1, 2, 3

MB 4
MB 7
OR 1

OP 1
OP 2
OP 3
OP 4
OP 5
OP 6, OR 2
OR 3, OP 7

OR 4

OB 1
OT 1

-31.77639
-31.77639
-31.77639
-31.77545
-31.77545
-31.77545
-31.79565
-31.79565
-31.79565
-31.81435
-31.81435
-31.81435
-31.81435
-31.81904
-31.81904
-31.81904
-31.81904
-31.82078
-31.82078
-31.82078
-31.82078
-31.82166
-31.82166
-31.82166
-31.82166
-31.77403
-31.77403
-31.79137
-31.79137
-31.79137
-31.79137
-31.75759
-31.75759
-31.78157
-31.78157
-31.78157
-31.78157
-31.7736
-31.7736
-31.75244
-31.75244
-31.71342
-31.71342
-31.71342
-31.71558
-31.71558
-31.71714
-31.71714
-31.7555
-31.7555
-31.75463
-31.75463
-31.75331
-31.75331
-31.82803
-31.82803
-31.82794
-31.82794
-31.82794
-31.82794
-31.82794
-31.82794
-31.86586
-31.86586
-31.86586
-31.78431
-31.78431
-31.71236
-31.71236
-31.71236
-31.71236

159.22875
159.22875
159.22875
159.23067
159.23067
159.23067
159.23339
159.23339
159.23339
159.25844
159.25844
159.25844
159.25844
159.25539
159.25539
159.25539
159.25539
159.25355
159.25355
159.25355
159.25355
159.25263
159.25263
159.25263
159.25263
159.27745
159.27745
159.29081
159.29081
159.29081
159.29081
159.31481
159.31481
159.2739
159.2739
159.2739
159.2739
159.28424
159.28424
159.31376
159.31376
159.19674
159.19674
159.19674
159.19734
159.19734
159.19824
159.19824
159.32493
159.32493
159.32301
159.32301
159.31989
159.31989
159.31564
159.31564
159.32135
159.32135
159.32135
159.32135
159.32135
159.32135
159.2834
159.2834
159.2834
159.32432
159.32432
159.19615
159.19615
159.19615
159.19615

12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
11/02/2013
11/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
11/02/2013
11/02/2013
11/02/2013
11/02/2013
17/02/2013
17/02/2013
11/02/2013
11/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
17/02/2013
17/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
16/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013

21.5
29.5
37.5
21.5
29.5
37.5
21.5
29.5
37.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
45.5
21.5
29.5
37.5
45.5
21.5
29.5
21.5
29.5
37.5
45.5
21.5
29.5
21.5
29.5
37.5
45.5
21.5
29.5
21.5
29.5
21.5
29.5
37.5
21.5
29.5
21.5
29.5
21.5
29.5
21.5
29.5
21.5
29.5
21.5
29.5
21.5
29.5
37.5
45.5
53.5
61.5
21.5
29.5
37.5
21.5
29.5
21.5
29.5
37.5
45.5

202

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
98
96
100
100
100
100
100
100
100
100
100

0.54
0.54
0.54
0.61
0.61
0.61
1.65
1.65
1.65
-0.26
-0.26
-0.26
-0.26
-0.29
-0.29
-0.29
-0.29
-0.27
-0.27
-0.27
-0.27
-0.29
-0.29
-0.29
-0.29
-3.32
-3.32
0.24
0.24
0.24
0.24
0.69
0.69
0.83
0.83
0.83
0.83
0.46
0.46
-0.05
-0.05
0.17
0.17
0.17
-0.09
-0.09
0.28
0.28
0.59
0.59
0.58
0.58
0.51
0.51
1.85
1.85
-1.55
-1.55
-1.55
-1.55
-1.55
-1.55
0.36
0.36
0.36
-0.79
-0.79
0.32
0.32
0.32
0.32

0.33
0.33
0.33
0.34
0.34
0.34
-4.66
-4.66
-4.66
-0.25
-0.25
-0.25
-0.25
-0.27
-0.27
-0.27
-0.27
-0.31
-0.31
-0.31
-0.31
-0.35
-0.35
-0.35
-0.35
-1.35
-1.35
-0.53
-0.53
-0.53
-0.53
-0.24
-0.24
0.03
0.03
0.03
0.03
-3.08
-3.08
5.19
5.19
-0.38
-0.38
-0.38
-0.27
-0.27
-0.57
-0.57
-0.31
-0.31
-0.32
-0.32
-0.11
-0.11
-1.11
-1.11
1.95
1.95
1.95
1.95
1.95
1.95
-0.47
-0.47
-0.47
0.09
0.09
-0.5
-0.5
-0.5
-0.5

0.225
0.148
0.027
0.252
0.152
0.05
0.103
0.192
-0.054
-0.121
-0.137
-0.02
-0.037
-0.212
-0.152
-0.003
-0.045
-0.248
-0.187
-0.018
0.015
-0.218
-0.206
-0.014
0.034
-0.114
-0.112
0.002
0.038
0.028
-0.057
0.04
0.031
-0.087
0.132
0.068
0.066
0.016
0.018
-0.072
-0.081
0.077
0.093
0.089
0.109
0.071
0.058
0.06
-0.033
0.017
0.013
0.014
0.06
0.004
-0.071
-0.058
-0.143
-0.167
-0.043
-0.027
-0.027
0.004
-0.188
-0.225
-0.239
0.111
0.112
0.082
0.083
0.075
0.068

-0.135
0.029
0.024
-0.132
0.058
-0.012
0.152
-0.353
0.14
0.103
0.008
-0.04
-0.023
0.122
-0.034
-0.025
0.014
0.097
-0.029
-0.012
0.026
0.084
-0.018
-0.029
0.042
-0.239
-0.228
0.093
-0.07
-0.025
-0.004
0.145
0.085
-0.232
-0.044
0.014
-0.014
0.221
0.211
0.25
0.257
-0.003
-0.012
-0.029
-0.05
-0.018
-0.032
-0.032
0.118
0.083
0.141
0.104
0.115
0.136
0.121
0.151
0.119
0.143
0.169
0.133
0.124
0.109
0.055
0.061
0.022
0.005
0.001
0.008
0.016
-0.008
-0.019

OT 2

OT 3

OT 4

OT 5

-31.711
-31.711
-31.711
-31.711
-31.711
-31.86797
-31.86797
-31.86797
-31.86797
-31.86797
-31.86954
-31.86954
-31.86954
-31.86954
-31.86954
-31.86954
-31.75609
-31.75609

159.19513
159.19513
159.19513
159.19513
159.19513
159.2848
159.2848
159.2848
159.2848
159.2848
159.2866
159.2866
159.2866
159.2866
159.2866
159.2866
159.32699
159.32699

13/02/2013
13/02/2013
13/02/2013
13/02/2013
13/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
12/02/2013
16/02/2013
16/02/2013

21.5
29.5
37.5
45.5
53.5
21.5
29.5
37.5
45.5
53.5
21.5
29.5
37.5
45.5
53.5
61.5
21.5
29.5
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100
100
100
100
98
100
100
100
100
98
100
100
100
100
98
96
100
100

0.2
0.2
0.2
0.2
0.2
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0.27
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-0.33
-0.35
-0.35
-0.35
-0.35
-0.35
-0.29
-0.29
-0.29
-0.29
-0.29
-0.29
-0.23
-0.23

0.08
0.115
0.072
0.021
0.035
-0.19
-0.189
-0.221
-0.215
-0.202
-0.18
-0.189
-0.212
-0.183
-0.172
-0.103
0.003
0.017

0.012
0.016
0.023
0.008
0.016
-0.024
0.01
0.046
0.064
0.052
0.028
0.041
0.041
0.031
-0.015
-0.027
0.069
0.074

Appendix 11: Representative images of habitat variation within the
tows around Balls Pyramid
07CAM02:

08CAM02:

204

10CAM04:

11CAM05:

205

12CAM06:

13CAM07:

14CAM08:

206

14CAM08 continued:

15CAM09:

16CAM10:

207

17CAM11:

32CAM12:

208

33CAM13:

34CAM14:

209

35CAM15:

36CAM16

210

Appendix 12: Photographs of NSW Office of Environment and
Heritage towed underwater camera system deployed from NSW
Marine Parks Authority vessel Tursiops.
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Appendix 13: Reef Life Survey benthic categories

Reef Life Survey benthic categories were aggregated into the organism/substrate
categories used within this study to create a combined dataset with consistent
terminology.

Categories used within
this study
Stony corals

Black and octocorals
Fleshy algae

Calcareous algae

Sponges
Anemones
Ascidians
Bryzoan
Hydrocoral
Hydroid
Sand
Pebbles
Rock/boulders

Reef Life Survey benthic categories
Bleached coral
Encrusting coral
Pocillopora spp.
Dead coral
Other branching/erect corals
Massive corals
Branching Acropora spp.
Tabular coral
Ahermatypic corals
Soft corals and gorgonians
Turfing algae (<2 cm high algal/sediment mat on
rock)
Encrusting leathery algae
Small to medium foliose brown algae
Filamentous rock-attached algae
Foliose red algae
Filamentous epibenthic algae
Large brown laminarian kelps
Diatom/algal/cyanobacterial fuzz on bare rock
Caulerpa spp.
Other foliose green algae
Green calcified algae
Crustose coralline algae
Geniculate coralline algae
Sponges (erect)
Sponges (encrusting)
Anemones and zoanthids
Ascidians
Bryzoan
Hydrocoral
Hydroid
Sand
Pebbles/unconsolidated rocky bottom
Bare rock
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Appendix 14: Representative images of habitat variation within the
tows around Lord Howe Island
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Appendix 15: Detailed Maxent results for modelled organisms and
substrates

Jacknife of regularised training gain:
This is a representation of variable importance and shows the training gain of the model
if it was run: without the variable (aqua), with the variable (blue) and with all variables
(red). These results correspond to the results presented in Table 6.5.
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Response curve to individual variables:
These curves represent a Maxent model using only the individual variable. These results
correspond to the results presented in Table 6.5. Geomorphic features: lagoon (L);
fringing reef (F), inner-shelf basin (IB); inner-shelf reef (IR); mid-shelf basin (MB),
mid-shelf inter-reef depressions (MRD); mid-shelf upper reef (MRU); mid-shelf lower
reef (MRL); outer-shelf basins (OB); outer-shelf platform (OP); outer-shelf reef (OR)
and outer-shelf terrace (OT).
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